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SUMMARY 
The investigation presented in this thesis was concerned 
with the effects of pulsating flow on differential pressure 
flowmeters. The main objectives of the investigation were: 
1. to investigate the high frequency pulsation effects; 
2. to study the compressibility effects; 
3. to study the practical method of overcoming the problems 
caused by the pulsating flow. 
In the first part of the investigation a theoretical 
analysis for high frequency pulsations was presented in which 
the short wavelength e. ffects were taken into account. 
Relationships for metering errors in terms of the differen- 
tial pressure pulsations amplitude and the short wavelength 
term were derived. Various sizes of square-edged orifice 
meters fitted with a fast response differential pressure 
transducer were subjected to sinusoidal pulsations at fre- 
quencies between 50-500 Hz generated by a siren pulsator 
located downstream of the metering section. Tests were 
carried out at different pulsation amplitudes. 
The results of the tests showed that the measured errors 
in the indicated flow rate were in good agreement with those 
predicted by the short wavelength theory. At a given pul- 
sation amplitude the total error decreased as the short wave- 
length term increased. At high pulsation frequencies the 
quasi-steady/temporal inertia theory was found inadequate 
for predicting pulsation errors. It was also found that at 
small differential pressure pulsation amplitudes the simple 
quasi-steady theory was adequate for predicting metering 
errors. 
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In the second part of the investigation a theoretical 
analysis presenting a relationship between metering error and 
expansibility factor, and a mathematical model which took 
into account the fluctuating density under pulsating conditions 
was discussed. * Experimental work was carried out in which 
orifice and venturi-nozzle meters were subjected to sinusoidal 
pulsations of various amplitudes in the frequency range O-SOHz 
generated by a piston pulsator upstream of the test meter. 
The results showed that for a given pulsation amplitude 
the metering error increased as the expansibility factor de- 
creased. 
In the last part of the investigation the damping theories 
developed to overcome the difficulties caused by pulsations 
were reviewed. The damping criteria were demonstrated syste- 
matically with various pulsation amplitudes, frequencies and 
damping volumes. Tests were conducted using piston type and 
siren pulsators generating sinusoidal and non-sinusoidal 
pulsations at frequencies between 5-500 Hz. 
The results of the tests showed that damping criteria were 
valid for low frequencies and for a given pulsation amplitude 
metering error decreased as Hodgson Number increased. 
Mottram's damping criterion was found safe to use for any wave- 
form provided that the pulsation frequencies did not exceed 
50 Hz and that the damping tank dimension and the piping lengths 
between the test meter and the pulsation -source were short 
compared with the pulsation wavelength. The results also showed 
that the damping tank acted as a low pass filter as well as a 
pulsations damper when non-sinusoidal pulsations passed through 
it. 
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1,1 f% Irl A Ir T f%'k 7 
a amplitude of sine wave velocity pulsation 
ar amplitude of r 
th harmonic 
A cross section area 
C speed of sound 
CC contraction coefficient 
CD discharge coefficient 
d orifice or meter throat diameter 
D pipe diameter 
E metering error 
f frequency 
F pipe factor 
Ii harmonic distortion factor 
IJ temporal inertia term 
L length 
Le equivalent length of meter restriction 
m orifice/pipe area ratio 
alternating component of mass flow rate 
mass flow rate 
M Mach Number 
NH Hodgson Number 
NS Strouhal Number 
P static pressure 
volumetric flow rate 
r pressure ratio 
Re Reynolds Number 
t. time 
T periodic time 
u local flow velocity 
bulk flow velocity 
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volume 
w angular frequency 
x axial distance 
X short wavelength term 
throat to pipe diameter ratio 
Y isentropic index 
A differential pressure 
C expansibility factor 
X pulsation wavelength 
P fluid density 
reciprocal of Strouhal Number 
(t) a cyclic function 
0 phase angle 
C, -- 'r-r.: -- -- 
P pulsating conditions 
S steady conditions 
1 upstream conditions 
2 throat or vena contracta conditions 
d refers to orifice diameter (also damped pulsation 
conditions in Chapter four) 
CL centre line conditions 
rms root mean square value 
th theoretical 
T total error 
upp upstream under pulsating conditions 
ups upstream under steady conditions 
x conditions at axial distance x 
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INTRODUCTION 
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GENERAL ' 
Problems concerning the measurement of gases and liquids 
under pulsating flow conditions have been recognised since the 
beginning of this century. Pulsating flow can be defined as 
a steady time mean flow with superimposed regular cyclic 
variations. The severity of pulsating flow depends on pulsa- 
tion amplitudes, frequency and waveform. A reversed flow can 
occur under severe pulsating conditions. The measurement of 
both compressible and incompressible flow can be affected when 
carried out under pulsating conditions. 
Pulsating flow occurs in pipelines fed by rotary or 
reciprocating compressors and pumps, and inlet and exhaust 
ducts of reciprocating engines. Oscillating valves and 
regulators can cause some periodic variations. Cyclic varia- 
tions have been observed in pressure and in flow into opposing 
laterals from a common pipe. Other devices such as fans, 
blowers and high velocity jets can cause fluctuations in the 
flow. 
The problems associated with the effects of pulsations 
are particularly severe with differential pressure flowmeters. 
such as the orifice, venturi and nozzle. These meters are 
the most common devices for flow rate measurement. The 
majority of past investigations into pulsation effects have 
been concerned with the orifice meter because of its simpli- 
city and its frequent use in industry. 
Differential pressure flowmeters like the orifice meter 
are non-linear devices, the flow is proportional to the square 
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root of the differential pressure. Because of this the use of 
a slow response manometric device in pulsating flow inevitably 
leads to errors in the indicated flow rate. If the pulsation 
frequency is high the flow rate/differential pressure relation- 
ship is complicated by the fact that the fluid undergoes a 
temporal acceleration as well as a convective acceleration 
through the restriction. Compressibility effects in the fluid 
may be a further complication and in addition the manometric 
device itself is subject to pulsation effects. 
To avoid the worst of these problems damping may be 
introduced into the flow system to reduce the pulsation ampli- 
tude but even this technique is subject to limitations espe- 
cially at high pulsation frequencies. 
The research work in this thesis covers three main aspects, 
namely: 
(a) high frequency pulsation effects; 
(b) Compressibility effects; - 
(c) Damping of pulsating flow. 
(a) and (b) involves understanding the effects of pulsating 
I flow on flow meter accuracy and matching experimental measure- 
ments with theoretical prediction. (c) is concerned with 
overcoming the practical problem of pulsating flow by damping 
it and exploring the frequency limitations for the damping 
theory. 
is 
THEORETICAL BACKGROUND 
I. Quasi-steady Theory 
Quasi-steady theory states that 
1. The normal steady flow relationship between flowrate and 
differential pressure across the meter holds instantaneously 
during pulsation flow. 
2. The coefficient of discharge under pulsating conditions 
has the same value as under steady conditions. 
3. The temporal acceleration is very small compared with the 
convective acceleration and can be neglected. 
4. The density of fluid and the expansibility factor under 
pulsating conditions are the same as under steady conditions. 
In practice, these assumptions are questionable. 
Square Root Error 
Under steady conditions, the flow rate is proportional to 
the square root of the differential pressure across the meter. 
According to quasi-steady theory's first assumption, it is 
possible to determine the time-mean flow rate M from the time- 
mean of the instantaneous square root of the differential 
pressure /-AP 
/-Ap 
T 
dt where MTf dt and =IV Ap -AP Tf 
Most secondary devices have slow response and cannot follow 
the rapid variations and consequently tend to indicate a time- 
mean differential pressure. If the meter user was unaware of 
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pulsations he would calculate the flow rate from the square 
root of the indicated differential pressure, i. e. from I--r- Ap 
But vr-Ap --76 r=, p- 
This inequality give. s rise to the socalled "square root error". 
Quasi-steady/Temporal Inertia Theory 
In this theory the temporal acceleration term is signifi- 
cant and is not neglected in the momentum equation. It is 
assumed, however, that the flow is incompressible and that 
the length of the meter restriction is short compared with 
the pulsation wavelength. Metering errors predicted by this 
theory are dependent on pulsation amplitude and Strouhal 
Number modified to take into account pulsation wave form. 
IV. Short Wavelength Theory 
In this theory, when the length of the restriction 
becomes comparable to the pulsation wavelength, the product 
of the instantaneous bulk-mean velocity and the cross sectio- 
nal area of the flow pipe varies along the length of the 
restriction at a given time due to phase difference. 
(UA)t + constant 
The time mean value of the mass flow rate is constant. 
For incompressible flow 
M= UAp 
Metering errors predicted in this theory are dependent on 
pulsation amplitude and a short wavelength term which is 
a function of the Mach Number and S. trouhal Number. 
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SCOPE OF NORK 
I. High Frequency Pulsations Effects 
The majority of the previous work has concentrated on the 
effects on pulsations generated by low frequency machines such 
as a reciprocating steam engine and single cylinder machines 
with a reciprocating piston. Most of the modern machines now- 
adays run at high speed and the frequency range of interest 
has moved upwards. Automative piston engines run at a speed 
, of up 
to 100 Hz'and some positive displacement rotary compres- 
sors and pumps run at even higher speeds. Also, multi-cylinder 
machines may generate pulsations of up to 500 Ift. Hence, the 
importance of studying the effects of high frequency pulsations 
on flow meters. 
As frequency rises, the pulsation wavelength decreases 
and could become comparable with the meter dimensions. At a 
frequency of 50 Hz the pulsation wavelength in air flow at 
room temperature is'about 7 meters and is very much longer 
than the effective length of the meter in an 80 mm bore pipe. 
At, a frequency of 500 Hz, however, the wavelength is only 700 
mm and when compared with the meter effective length the 
latter is no longer insignificant. 
One of the main objects of the research work described 
in this thesis was to investigate the effects of high frequency 
pulsations on orifice meter accuracy. Whereas Mottram(34,35,37) 
and Downing(38,39) restricted their tests to the frequency range 
0-50 Hz, the investigation described here covered the range 
50-500 Hz. The previously used quasi-steady/temporal inertia 
is 
theory was found to be inadequate at higher frequencies and 
a new short wavelength theory was developed and is presented 
later in the thesis. 
II. Compressibility Effects 
When a compressible fluid is metered under steady condi- 
tions, the ordinary incompressible relationship can be applied 
provided the density drop through the restriction is allowed 
for by an expansibility factor c. Under pulsating conditions 
the static pressure and the expansibility factor are time 
dependent and can no longer be assumed constant. 
The object of this part of the research work was to 
investigate the compressibility'effects on differential pressure It 
flow meters subjected to pulsations in the frequency range 
0-50 Hz. 
III. Solving the Problem of Pulsating Flow 
There are three approaches to overcome the practical 
problems associated with metering the pulsating flow. 
1. The Threshold Approach 
This approach is to find a threshold between steady and 
pulsating flow so that the steady flow equation can be applied 
under pulsating flow conditions. A threshold can be defined 
in terms of a limiting value of pulsation amplitude, effective 
Strouhal Number or other parameter associated with a given 
acceptable metering error due to pulsation(11,13,22,35) . 
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2. The Correction Factor Approach 
This approach involves compensating the indicated flow 
rate for pulsation effects by introducing a correction factor 
into the steady flow equation. The correction factor may be 
a function of physical dimensions of orifice-pipe configu- 
ration, Strouhal Number or its equivalent and amplitude ratio 
which allows for vena contracta effects, inertial effects and 
(17,25,26) 
square root effects 
3. Damping of Pulsating Flow 
This technique is the most popular and reliable method 
of overcoming the pulsation problems which involves damping 
the pulsations to a certain acceptable level. Hodgsorr 
Dioneered the idea of using damping chambers and throttles 
between the pulsation source and the flow meter and intTO- 
duced a criterion known as the "Hodgson Number". 
A large quantity of work has since been undertaken by 
researchers such as Lutz 
(6) 
, Herning and Schmidt 
(8) 
, Fortier(9) 
and Mottram 
(35., 37) to determine values of Hodgson Number for 
systems producing pulsations of various amplitudes and wave- 
forms. (Their work is reviewed in the coming chapter. ) 
In spite of all the work undertaken by the mentioned 
researchers, very few published experimental results exist 
which can be compared with Hodgson's damping criteria and no 
definite limits have been discovered as to when Hodgson's 
theory is applicable and at what frequency the theory behind 
the Hodgson criteria become suspect. 
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The major objects of this part of the research investigation 
described later in this thesis were to demonstrate the validity 
of damping criteria systematically with various damping volumes, 
pulsation frequencies and amplitudes and to find the frequency 
range beyond which 11odgson's criteria become suspect. This 
work was conducted using two different pulsators at different 
positions generating sinusoidal and non-sinusoidal pulsations 
at frequencies between 0-500 Hz. 
ARRANGEMENT OF THE THESIS 
The thesis is arrahged in five chapters: 
Chapter one - REVIEW OF PREVIOUS WORK 
Chapter two - THE HIGH FREQUENCY PULSATION EFFECTS 
Chapter three - THE COMPRESSI13ILITY EFFECTS 
Chapter four - THE DAMPING OF PULSATING FLOW 
Chapter five - THE GENERAL CONCLUSIONS 
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Chapter One 
REVIEW OF PREVIOUS 11ORK 
22 
INTRODUCTION 
Extensive work has been carried out over the past seventy 
five years to study the problems associated with the pulsating 
flow measurement and to find methods of overcoming these 
problems. The following is a review of the problems of 
metering pulsating flow by means of differential pressure 
flowmeters from the early years when it was first reported 
up to the present time. 
1.1 EARLY WORK (1905-1940) 
In this period the work was confined to reporting the 
problem of pulsating flow, studying the nature of pulsations 
and finding methods of eliminating them. Simple U-tube mano- 
meters were used to measure the differential pressure across 
the restriction causing the well known "square root error". 
1.1.1 The Nature and Effects of Pulsations 
The difficulties of metering pulsating flow were first 
r9ported as early as 1905 by Venable('). He indicated that 
pulsation caused an orifice meter to read too highanet flow. 
Ten years later, Gibson 
(2) 
pointed out that most devices for 
measuring fluid motion do not record the true mean of a 
pulsating flow and that fluctuationsin velocity are accompanied 
by fluctuations in pressure. 
The first real attempt to study the nature of pulsations 
was made by Judd and Pheley 
(3). They used an air compressor 
discharging into a3 in-line and a butterfly valve to generate 
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pulsations. A photopulsometer was used to provide a record 
of the state of the flowing air in the line under different 
conditions. They carried out their investigations on infer- 
ential flowmeters and drew up the following conclusions which 
are still considered sound: 
(a) Pulsations in pipelines consist of sudden changes both in 
the velocity and in the pressure of the fluid. 
(b) The pressure changes cause the largest pulsations. 
(c) The pressure wave travels in the pipe with the velocity 
of sound. 
(d) The effect of this pulsation on a flow meter is to increase 
its reading, causing an error of great magnitude which 
depends upon the frequency of pulsation, nominal static 
pressure of the fluid, type of meter used and adjacent 
fixture in the pipeline. 
(e) The pulsating error increases as the diameter of the orifice 
or nozzle approaches the diameter of the pipe. 
(f) The error in measuring pulsating flow depends to some degree 
upon the type of manometer used and the fluid inside it. 
Hodgson (4 15) had long been aware of the problems of 
pulsating flow. In 1925, he published some of his earlier 
work and in 1929 a more COMDlete version of his work was 
published. Hodgson was aware of the square root error when 
pulsating liquid flow was measured and realised that when 
pulsating gas flow was measured, additional errors arose 
caused by distorted pressure waves travelling along the 
connecting leads from the pressure tappings. lie succeeded in 
eliminating the distorted waves by ensuring that only viscous 
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flows exist in the connecting leads. 
In the late thirties, 13citler 
(9) 
used three setups to 
investigate the effects of pulsations on orifice flowmeters 
for the measurement of gases. Arrangements were made so that 
pulsations could be obtained either on the outlet side of the 
orifice, i. e. from the suction of the compressor, or on the 
inlet side of the orifice, from the discharge of the compres- 
sor. His results showed that for a given diameter ratio the 
error increased as the differential pressure decreased and 
for a given flowrate the suction pulsation caused a smaller 
error than the discharge pulsation. His results also showed 
that for both inlet and outlet sides the error decreased as 
the orifice diameter ratio increased. This could be due to 
the reduction of pulsation amplitude caused by the increase 
of the flowrate. 
1.1.2 Elimination of Pulsations 
During the twenties and thirties various attempts were 
made to find the appropriate method of eliminating the pulsa- 
tions. 
Judd and Pheley(3) used various methods for quieting 
the pulsations including a range of capacities and throttling 
and indicated that abrupt volume enlargements in the pipeline 
will eliminate the error, a volume capacity of 20 cu. ft. was 
required for an error within 2 percent. Throttling was also 
effective but required a pressure drop of 6 inches mercury 
to reduce the error to 5 percent. 
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Hodgson (4,5) advocated the use of damping chambers and 
throttles installed between the pulsation source and the flow- 
meter to reduce the pulsation amplitude to an acceptable level. 
He introduced a non-dimensional group since called "The 
Hodgson Number" from which the damping volume and system 
pressure loss could be determined. Hodgson's criterion was 
related to pulsation amplitudes and waveforms typical of slow 
speed reciprocating steam engine. 
In the 1930's, Lutz 
(6) 
P Ruppel 
(7 ) 
and Berming and Schmidt 
(8) 
tried to use thd Hodgson Number for systems of various 
pulsation amplitudes and waVeforms. Lutz and Herming and 
Schmidt analyzed the smoothing effect of a receiver on pulsa- 
ting flows in the intake to an internal combustion engine. 
By assuming quasi-steady incompressible flow through the flow- 
meter and isentropic compression and expansion in the receiver, 
they derived expressions relating metering error with the 
Hodgson Number. 
Ruppel found that Hodgson's values of the Hodgson Number 
were sixty times too large which was due to the units used. 
Ed slightly modified the Hodgson criterion to the present form. 
Beitler also tried to eliminate the pulsations by means 
of volumes capacities and throttling but the results obtained 
were inconsistent. 
From the research work mentioned above to eliminate the 
pulsations, the Hodgson criterion is the most significant 
theory to overcome the problems of pulsating flow but it 
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does not indicate the definite limits and frequency Tange of 
its applicability. 
1.2 DEVELOPMENT OF WORK 
1.2.1 Measurement of Pulsating Flow 
After defining and studying the nature and effects of 
pulsation in the early work', investigations like Schultz- 
Grunow, Lindhal and Kastner introduced some methods of 
measuring the pulsating flow. 
In 1941, Schultz--: Grunow(lo) utilized a system consisting 
of an orifice meter and an upstream bleeder through which a 
known flow rate, P, can be withdrawn from or added to the main 
stream to allow for pulsation effects. He derived criteria 
for the required minimum value of v for incompressible flow 
and the required maximum and minimum values of pressure 
fluctuations to define the influence of compressibility on P 
and for the influence of pressure fluctuations on the mean 
mass-density by obtaining the minimum allowable ratio of peak 
to average pressure. Unfortunately, his technique is rather 
complicated and cannot be controlled. 
Lindhal(") described a mechanical pulsometer developed 
by Beitler to measure the amplitude of differential pressure 
pulsations. The pulsometer was installed in a special test 
station and some tests were conducted using a two cylinder, 
double-acting, air compressor as a pulsation source. A curve 
of pulsometer. reading against meter differential head for one 
percent error was plotted from which it could be seen whether 
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the error was greater or less than one percent. 
The pulsometer measures only the peak pressure in the 
differential cycle and, therefore, cannot take into account 
the pulsation waveform or allow for rapid fluctuating ampli- 
tude which makes it unable to determine errors exceeding one 
percent. 
Kastner (12) used the air box method of measuring the flow 
of air to a reciprocating internal-combustion engine and 
studied the effect of air-box size on the error in the measure- 
ment. Fe derived a criterion from which a suitable dimension 
for an air box meter would be determined and recommended that 
the criterion should not be less than 2.5 to ensure the error 
in the measurement to be less than one percent. 
In 1955, Oppenheim and Chilton(16) published a survey 
of literature of the previous 50 years in which they reviewed 
all the research work carried out in relation to the pulsating 
flow measurement. 
1. ý. 2 Introduction of Electrical Pressure Transducers 
In all the previous work the differential pressures 
across the meter restrictions were measured by slow response 
secondary devices which caused the square root error. 
In 1951 Hardway (13) introduced a fast response, strain-, gauge. 
type differential transducer which could measure the instan- 
taneous differential pressure across an orifice meter and 
electronic computer to measure the r. m. s. value of the diffe- 
rential pressure pulsations. He expressed the error in terms 
28 
of the r. m. s. and the average values of the differential 
pressure and tested the expression for several waveforms, 
which gave an accuracy of 1 percent for pulsation error up 
to 7 percent. Hardway's method can be considered as the 
first right approach towards measuring the square root error. 
Baird and Bechtold(14) introduced electrical analogies 
into the orifice-metering problem with the suggestion that 
the concept of analogies could be used to help analyzing 
the problem caused by pulsating flow. They used a strain 
gauge differential pressure transducer to measure the instan- 
taneous differential pressure and dynamic pressure transducers 
to measure the up and down stream pressures. They studied 
the effects of the phase shift and wave reflection produced 
by an orifice meter and indicated that the phase shift had 
an effect on the differential pressure reading when the latter 
was averaged in time. Also the incident pulsation wave re- 
flected at the orifice meter would cause an increase in the 
static pressure at the reflection side of the orifice which 
would result in an average differential pressure reading on 
the high side. Their results are not convincing because there 
were three valves connected on the leads connecting the orifice 
tapping and the"differential pressure transducer which could 
have an effect on the differential pressure readings. 
Williams (19,20,21) made investigations to find out the 
causes of the secondary device errors which could be of the 
order of 100%. He listed a number of sources of these errors 
and laid down recommendations for the correct design of the 
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secondary device when it is to be used in pulsating flow. 
His recommendations are applicable to both slow and fast 
response devices such as manometers and electrical pressure 
transducers. His rules are still considered very important 
in pulsating flow measurements. 
Sparks (23,24) studied the effects of pulsations on 
orifice metering of compressible and incompressible flows 
and derived a theory which took into account the square root 
and the temporal inertia effects. The instantaneous diffe- 
rential pressure across the orifice meter was measured by 
means of differential pressure transducers and the velocity 
was measured by a hot wire anemometer. His theory was in- 
sufficient in describing the pulsation effects'of compressible 
flow and there were some points against his experimental set 
up which made his results unsatisfactory. 
Ci) The connecting leads to the differential pressure trans- 
ducer were long'and contained a three-way valve which 
could have produced distorting wave action. 
Differential pressure pulsation amplitude was not measured 
in order to be used to calculate the error. 
I 
Later Moseley 
(29) investigated the effects of pulsating 
water flow on an orifice meter. He presented a theoretical 
analysis for the square root error and temporal inertia 
effects at pulsation amplitudes less and greater than unity. 
In his experimental rig, Moseley used an oscillating piston 
within a by pass line which spanned the meter run to generate 
pulsations of frequencies up to 9 cps. Pressure transducers 
were installed upstream and downstream of the meter from which 
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the signals were subtracted and considered to be proportional 
to the instantaneous differential pressure. Again his'experi- 
mental rig was not properly designed. The pulsator was not 
in the same line as the orifice meter which could have effected 
the velocity profile and the drift and subtracting of the up- 
stream and downstream pressure transducers could have created 
difficulties in obtaining the right values of the instantaneous 
differential pressure. ' 
Mottram (341,35,36) was the first investigator to use a 
properly designed fast response differential pressure trans- 
ducer with short connecting leads so that all errors associated 
with the secondary device were eliminated. The square root 
error was eliminated by means of an electronic square-rootipg 
circuit and the residual errors were studied. His work is 
described in the next section. 
1.2.3 Temporal Inertia Effects 
The assumption of quasi-steady theory that the temporal 
inertia term can be neglected is valid for the low Strouhal 
Number (the dimensionless frequency fd/U). When the frequency 
increases the temporal inertia term becomes significant and 
cannot be neglected. 
To define the limits of applicability of quasi-steady 
theory Schultz-Grunow(. "O) introduced a non-dimensional para- 
meter defined as 
Ud 
which is the reciprocal of the f. d 
Strouhal Number and recommended that for ý 2: 510 the temporal 
inertia effects were negligible and the flow could be conside- 
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red quasi-steady. 
Szebehely (15) stated that for the applicability of the 
steady state solution the ratio of the local acceleration to 
the convective acceleration, a, which is directly related to 
the Strouhal Number, should be less than unity, i. e. 
-au / at <<l Ns (cy) = 
fd 
uau/ax u 
It has been difficult to define how much less than unity it 
is necessary for the Strouhal Number to be. 
Moseley(29) indicated that the effect of the Strouhal 
Number up to tan 0=0.1 was smaller than the experimental 
uncertainty of the experiment (tane is a function of the 
Strouhal Number, Beta ratio, diameter and thickness of 
orifice meter and discharge coefficient. ). As mentioned 
previously his experimental set up could have produced un- 
reliable results. 
MacCloy (28) considered the effects of fluid inertia on 
the performance of flowmeters operating under unsteady condi- 
tions. He formulated a non-dimensional inertia factor, a, 
with which the mean flow rate increased giving rise to a 
square root error. Moseley and MacCloy indicated that the 
length parameter in the Strouhal Number was not the meter 
restriction diameter but its effective length. It is diffi- 
cult to evaluate the effective length. As it will be seen 
later in this thesis the effective length was given a value 
equal to D/3 which gave satisfactory results. 
Engel (31) introduced a non-dimensional parameter called 
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"relative entrance length" or "equivalent pipe length", 15 9 
(X 
to characterize pulsating flows besides the Strouhal Number 
and ReynoldsNumber. 
Zarek(18) studied the neglected parameters in pulsating 
flow measurement and concluded that square root correction was 
insuf f icient to account for the total error and that the Strouhal 
and Reynolds Numbers were essential but not necessarily 
sufficient to describe the flow. lie suggested that a modified 
form of the Strouhal. Number in any future work would be accep- 
table provided that the basic components have a physical meaning 
in terms of pulsating flow phenomena. 
In the late sixties Mottram 
(34135t36 ) developed a theory 
for predicting residual errors taking into account the temporal 
inertia term neglected in the quasi-steady theory. The square 
root error was eliminated using an electronic square rooting 
circuit. Relationships for metering errors were derived in 
terms of the r. m. s. amplitude of the differential pressure 
pulsation and a Strouhal Number dependent on the waveform of 
the velocity pulsation. Mottram. explored the relationship 
between residual errors and parameters such as the Strouhal 
Number, Reynolds Number and pulsation amplitude. The experi- 
mental investigations were carried out on an air rig using 
different sizes of orifice and venturi-nozzle meters. A piston 
pulsator was used to generate sinusoidal pulsations at fre- 
quencies of up to 50 Hz. 
Mottram's results showed that when the pulsation amplitudes 
were sufficiently small., and when the Strouhal, Number was low 
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and manometers errors were absent, the error in the flow rate 
was mainly due to the square root effect. As the effective 
Strouhal Number increased beyond a value of 0.02 the temporal 
inertia effects became significant. Mottram's limiting value 
of the effective Strouhal Number was ton times higher than 
that of Schultz-Grunow (1/510). 
Downing (38,39) continued Mottram's work and carried out 
tests to investigate the importance of pulsation waveform with 
respect to the square root error and temporal inertia term 
theory and to investigate the effects of pulsation on flow 
patterns and their influence on metering errors. 
Results of non-sinusoidal pulsation tests showed the same 
effects on metering accuracy as those of sinusoidal pulsations 
tests. No significant effect caused by various velocity 
profiles upstream and downstream of the meter was observed. 
1.2.4 Solving the Problem of Pulsating Flow 
In the early work most of the researchers advocated the 
u, se of damping chambers and throttles to eliminate the pulsa- 
tions. Damping of pulsations by means of receivers and 
throttling may not always be convenient because of the space 
needed and cost incurred. Alternative methods were suggested 
to solve the problem of pulsations. The first method was to 
find a threshold between steady and pulsating flow. 
Head (22) proposed that the velocity pulsation amplitude 
should be used as a measure of pulsation severity and recommen- 
ded the magnitude of pulsation intensity 0.1 as a practical 
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pulsation threshold. The velocity pulsation amplitude can 
only be measured by means of a hot wire anemometer. These 
instruments are very delicate and difficult to calibrate. 
Lindhall(") suggested that error should not exceed It. 
Hardway (13) proposed that the ratio between the root mean 
square and the average value of the differential pressure could 
be used as a pulsation error measure. 
Mottram (34) showed that the differential pressure ampli- 
tude should be used as a threshold between pulsating and 
steady flow and demonstrated that the temporal inertia effects 
were negligible if the effective Strouhal Number value was 
below 0.02. 
The second method was to apply a correction factor to 
compensate the indicated flow rate for pulsation effects. 
Zarek (17) introduced a correction factor which combined 
the reciprocal of the Strouhal Number and the ratio of the 
amplitude of the pressure wave to the pressure drop across 
the orifice. 
I 
Later, Earles and Zarek(25) extended Zarek's work and 
introduced a correction factor as a function of the physical 
dimensions of the orifice-pipe configuration, the Strouhal 
Number or its equivalent and the amplitude ratio. 
Afterwards, Earles, Jeffery, Williams and Zarek(26) 
proposed an e-quation for the time-mean mass flow rate through 
square edged orifice under pulsating flow conditions. In 
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addition to the differential pressure recorded by a manometer, 
the equation required the knowledge of a manometer factor (a), 
a square root factor (a) and an additional factor (y). The 
factor (y) was a complex function of both the variation in 
the differential pressure and frequency which could not be 
measured at that time. Using a manometer for which (a) was 
very nearly equal to unity, they combined (0) and (y) to 
form a pulsation coefficient which could be used to correct 
the steady flow equation. The main difficulty with their 
approach was that it was not able to account for the wave- 
form effects. 
Grimson and flay 
(42) 
proposed a correction factor which 
(D] 
depended on the Strouhal Number and pulsation ampli- 
(d] 
tude ratio and suggested that IT was the main parameter 
of the correction factor. Their contribution is similar to 
(3) that of Judd and Pheley 
Karim and Rashidi 
(43,44) 
carried out their tests on an 
air flow rig using a sharp edged orifice meter with D and D/2 
tappings and inclined manometers to measure the differential 
p, ressure across the orifice meter. A rotary interrupter valve 
driven by a motor was used to generate pulsations at frequen- 
cies of up to 1000 cps. They proposed a correction factor 
which was the ratio of the apparent mass flow rate to the 
actual mass flow rate. Their results showed that the correc- 
tion factor decreased as the pulsation amplitude increased 
and for any pulsation amplitude the mean value of the correc- 
tion factor increased with the increasing pulsation. frequency. 
Negative errors were obtained. Their work cannot be consi- 
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dered reliable for the following reasons. 
(i) The differential pressure across the orifice meter under 
pulsating conditions was measured by manometers with 
long connecting tubes. 
(ii) The r. m. s. value of the differential pressure was 
measured as being the difference between the maximum 
and minimum values of the differential pressure. 
(iii) Variation of upstream pressure under pulsating conditions 
caused by the pulsator operation was not taken into 
account. 
There drc snags with both methods. In the pulsation 
threshold method it is only reliable if the manometer is iso- 
lated from pulsations and the pulsation amplitude should be 
measured. In the correction factor method the measurement of 
the pulsation amplitude and the waveform is necessary. Such 
measurement would require advanced electronic devices which 
are impractical to use in the industry. Thus they cannot be 
considered as the best solution to the pulsation problem. 
Further work was undertaken to determine a theoretical 
Ckpression relating metering error with the Hodgson Number for 
systems of various pulsation amplitudes and waveforms. 
Fortier(33) presented an analysis taking into account 
the effects of temporal inertia and the acoustic resonances 
occurring in systems including volumes intended for pulsation 
damping. lie derived separate equations for sinusoidal and 
rectangular waveforms relating the llodgson Number with 
metering error. 
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Mottram(34,, 37) followed Fortier and developed a damping 
criterion relating the Hodgson Number and metering error for 
a known pulsation amplitude. His criterion can be applied 
to pulsations of any waveform. Both Fortier's and Mottram's 
analysis assumed that resonance conditions occurred in the 
damping chamber as these represent the worst case. Mottram's 
damping criterion has been included in the British Standard 
1042 Part 1B, *section 1.2,1981(51). 
The author carried out experimental work to demonstrate 
Mottram's damping criterion systematically with various pul- 
sation amplitudes and waveforms and explored the frequency 
limits beyond which this criterion is not safe to use. This 
work is fully described in Chapter four. 
1.3 RECENT WORK 
In 1981,, few papers related to the problems of pulsating 
flow were published. 
Takashi Isobe and 14ichiharu Horiuchi(47) studied the 
relationship between the instantaneous flow rate and the 
I 
differential pressure across the orifice under sinusoidally 
pulsating flow conditions. Curves of flow rate against. 
differential pressure were plotted for various conditions in 
which each curve exhibited a hysterisis loop enclosing the 
line repres. enting the behaviour of orifice for steady con- 
ditions. The curves indicated that there were square root 
and inertia effects and that the. area enclosed by the hysterisis 
loop could be used as a measure of magnitude of the inertia 
effect. 
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Keyser(48) discussed the historical development of un- 
steady flow experiments and characterisation found in the 
literature. He stated that "none of the experimental in- 
vestigations have been successful in discovering a correlation 
between the Strouhal Number and their unsteady flow results". 
This statement is not true: Mottram's results(34) (Figures 
35-40), show the realtionship between metering errors and 
the Strouhal Number for orifice and venturi-nozzle meters of 
various sizes. Also, the temporal inertia term which Mottram 
developed in his quasi-steady/temporal-inertia theory is a 
Strouhal Number dependent. In fact, Dr. Mottram criticized 
this paper in the conference in which it was presented and 
showed his results, which explain the importance of the 
effective Strouhal Number to characterize flow conditions. 
Less (49) studied the nature and sources of pulsations by 
conducting field test runs using an orifice meter situated 
200 ft downstream of a single acting compressor. A light 
beam recording oscillograph which used a light sensitive 
chart and was compatible with an electronic strain gauge 
pressure transducer for measurement of static or differential 
pressure. By comparing differential pressures recorded by 
the orifice meter gauge with those recorded by the oscillo- 
graph errors between 2.5% and 18% were obtained. Less demon- 
strated that excessively long gauge lines from the orifice 
meter run taps to the recording gauge could cause erroneous 
differential pressure recordings. He also demonstrated that 
by installing a damping tank between the orifice meter and 
the pulsation source, the metering error was reduced from 
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10.4% to 0.13%. 
Mottram (37) presented some guidance on making measurements 
in pulsating flow conditions together with some theoretical 
background and supporting experimental evidence. He also 
presented his modified version of the Hodgson criterion for 
damping the pulsating flow. 
Finally, the author and Dr. Mottram 
(40) 
studied the high 
frequency pulsation effects on orifice meter accuracy and 
presented a theoretical analysis which took into account the 
short wavelength effects. Results of these tests conducted on 
orifice meters subjected to pulsations in the frequency range 
50-500 Hz were presented. Results showed that at high pulsa- 
tion frequencies the short wavelength theory gave a better 
prediction of metering errors than the quasi-steady/temporal 
inertia theory at all amplitudes. Results also showed that 
at small pulsation aMDlitudes, the simple quasi-steady theory 
is adequate for predicting metering errors. The tests 
referred to above are described in the next chapter. 
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Chapter Two 
HIGH FREQUENCY PULSATION EFFECTS 
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2.1 INTRODUCTION 
The objective of this work was to investigate the high 
frequency pulsation effects on a square edged orifice meter 
accuracy. 
Under steady flow conditions, the flow rate is proportion- 
al to the square root of the differential pressure across the 
orifice meter. Under pulsating conditions the flowrate/diffe- 
rential pressure relationship becomes complicated and the time 
dependent term in the one-dimensional momentum equation cannot 
be neglected. A quasi-steady/temporal inertia theory which 
takes the temporal inertia effects into account predicts meter- 
ing errors assuming that the length of the meter restriction 
should be short compared with the pulsation wavelength. 
As the frequencies rise the wavelength of the pulsation 
decreases and can become comparable to the length of the meter 
restriction. In this case, the quasi-steady/temporal inertia 
theory becomes inadequate. 
A theoretical analysis presenting a new mathematical model 
of the metering error which takes into account the short wave- 
length effects is presented. 
Three sizes of square edged orifice plates fitted with 
corner tappings and a fast response differential pressure 
transducer were subjected to pulsations in the frequency range 
50-500 Hz generated by as iren device located downstream of 
the metering section. The instantaneous velocity and diffe- 
tential pressure signals were stored on a digital transient 
recorder and the data were later transformed to a computer via 
paper tapes for processing. 
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2.2 TBEORETICAL ANALYSIS 
2.2.1 General 
In steady conditions the flow rate is proportional to the 
square root of the differential pressure across the primary 
device. When the flow is pulsating at low frequencies the 
time-mean flow rate can be computed from the normal steady 
f low relationship using the time mean of the instantaneous 
square root of the differential pressure v/A-. Because of their p 
slow response, most secondary devices tend to indicate the 
time-mean differential pressure EP , and the use of the square 
root of this will result in "square root error". 
Under pulsating conditions the time-mean differential 
pressure TP will differ from the differential pressure measured 
under steady flow conditions As with the same time-mean flow 
rate. 
The total error in the indicated flow rate, E TI is defined: 
B =/V- 1 .S (2.1) 
I 
The relationship between flowrate and differential pressure 
is derived from the following two basic equations: 
(i) The one-dimensional flow momentum equation 
'au +u au +i30....... (2.2) ý_t ý_x PH = 
(ii) The continuity equation 
A ap + @(PU 0 ..... (2.3) 5-t ax 
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These equations can be applied to both liquids and gases 
provided that the pulsation amplitude of the upstream pressure 
is very small compared with the mean value and the expansibility 
factor is very nearly unity. 
2.2.2 Quasi-steady Theory 
In this theory it is assumed that the temporal accelera- 
tion is very small compared with the convective acceleration 
and can be neglected. It is also assumed that the flow is 
incompressible so that the time dependent term 
ý-P is zero. at 
By integrating the momentum and continuity equations with 
respect to x along the length of the restriction the following 
relationship is obtained: 
iTd' -2P Ap 
4- 1 -M2 o.. 
(2.4) 
When ft and A are instantaneous values of mass flow-rate and p 
differential pressure respectively. 
Coefficient of contraction Cc is introduced into equation 
(2.4) to take into account the vena contracta effects. 
C Trd2- f2PAp....... (2.5) 
[(j 
-Cc2m 
ýb 
Hence, 
A2 (I -C c2m 
2) 2P 
(CCEdl 2] 
....... 
(2.6) 
p4 
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2.2.3 Quasi-steady/Temporal Inertia Theory 
In this theory the temporal acceleration term in the 
momentum equation is not neglected. It is assumed, however, 
that the length of the meter is sufficiently short compared 
with the pulsation wavelength for the phase difference along 
the length of the restriction to be neglected. Thus for 
incompressible flow 
UA = constant (2.7) 
where U is the instantaneous velocity. 
Dr. Mottram (34 ) developed a theory taking into account 
the temporal inertia effects. By including the-temporal 
acceleration term in the one-dimensional momentum equation 
the following equation was obtained. 
Ap = 
j12 (1 -C 
2m 2) 2P (C 7Td 2 /4) 2] +p 
j12 au 
dx .. (2.8) c at 
2-u 
where the term P 
fl 
at dx represents the differential 
pressure associated with the temporal acceleration of the fluid. 
Equation (2.8) was integrated along the length of the 
meter with respect to x and the following equation was obtained. 
Ap = 
A2 (1_ Cc 2M2) 2P ( Cc 7rd 
2 /4 )2 + 
[L/ 
( Cc7Td 2 /4) 
] dil (2.9) HE 
where L is the effective length of the restriction. 
Using equation (2.9) and assuming that the pulsating mass 
flow ýI=M (1+ý(t) 
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n 
where ar sin (rwt + ar) 
the following expressions for metering error were obtained. 
and 
E1+I /A 
S, 
2/ 
(1 +H 2j2 
(6rms 
ýI-I ET=71- [A 
rms 
/T 
p]2/ 
(I + li2j2 ))I -1 
where 1 .2 
7r Cc fd 
(1-C 
c 
2M2) [rd 
and 
'fd. is the Strouhal Number. 
Ud 
r2a2na r 
and is the harmonic distortion factor. For sinusoidal waveform, 
H=1, otherwise, H>1. 
a is the rth term in a Fourier series representing the r 
pulsation waveform. 
When JJ2J2 << 1, i. e. when Strouhal Number is small, the temporal I 
inertia effects are negiigible and the metering errort EV is 
theoretically entirely due to the square root error and is only 
dependent on the pulsation amplitude. 
An expression for metering error which depends on velocity 
pulsation amplitude was presented as: 
ET1+(u 
rms/U 
........ (2.12) 
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2.2.4 Quasi-steady/Temporal Inertia Theory Modified to 
Allow for Density Differences 
blien Dr. Mottram 
(34) 
carried out his experimental work 
to test the temporal inertia theory, he used a piston pulsator 
installed upstream of the metering section. Operation of this 
pulsator did not affect the mean fluid density in the test 
section. 
In this investigation a siren pulsator was used and was 
installed downstream of the metering section. Because of the 
blockage of the air flow caused by the siren blades, the up- 
stream pressure under pulsating conditions did not equal the 
upstream pressure under steady flow conditions with the same 
time-mean flow rate. Hence, 
p 
steady =ý-- Ppulsating 
Therefore, the author modified the quasi-steady/temporal inertia 
theory to take into consideration the change in the upstream 
pressure under pulsating conditions. The theory was modified 
as follows: 
Let Ps denote the fluid density under steady flow conditions, 
I 
and Pp denote the time-mean fluid density under pulsating 
conditions. 
Under steady flow conditions the mass flow rate, 
ý, is 
def ined: 
Trd 2 
/ý2P -SA 
s 
cc D4 (1 - M2 
oooo. o. (2 . 13 
) 
When the flow is pulsating the instantaneous differential 
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pressure can be defined as 
2 
t42 (I _ CC2M 
- 
2) 
+p 2H - dx p2 Pt) (C 7Td 2/4. ) 2p 
at 
c 
and 
j12 (I _ CC2M2) + Pp L ýaut P 2p 
p 
(C 
c ffd 
2 /4 )2 
L is the effective length of the restriction. 
2 
Adpp Ud ý-- 7rd .Cc' U2 p 4p 
U2 =- 
ft 
pp (Cc Trd' /4 
dU2 
dt 2 
dM 
pp (Cc Trd /4) dt 
Substitute in Equation (2.15) 
(2.14) 
.S"""S" (2.15) 
ý(J-c 
c2m2)1 dA A=--+L (2.16) P 2P 
p 
(C 
c 7rd 
2 /4 )2 (C 7r d2 /4) dt 
By substituting for m (1 +ý (t) ) and with some manipulations 
Ap =AsPsI++ 2J (2.17) 
T-P w 
The time-mean differential pressure is given by 
s s 
pp + Ea. 
2 
2 
..... .. (2.18) 
Ear2. [ u rms 
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The total error indicated in the mass flow rate under pulsating 
conditions 
A 
indicated 
ff 
s 
(2.19) T 
Combining equations (2.18) and (2.19) 
+ý 
Urms 
1 
.... (2.20) TII 
-u 
2 
2 
rms p-T PI (2.21) 
substitute equations (2.17) and (2.18) in (2.21) 
-Arms)2 LS 
)2 [4 
1+H 2j2 (2.22) Aspp2)I....... 
By combining equations (2.18), (2.19) amd (2.22)., metering 
error which takes the temporal inertia effects into account 
is derived 
Pp )2 ( ArMS )2/ (1+H2j 2)] 
1-1... 
(2.23) T1TpsAs 
and 
2 
11 -I 
E 1+ 1- 
['ýrms ] /(I 
+ H2J2) (2.24) T Ilp 
The parameter 
( fPR 
compensates for the variation of 
s 
upstream pressure under pulsating conditions. It can be seen 
that equations (2.20) and (2.24) are not affected by the change 
in the upstream pressure and are the same as equations (2-11) 
and (2.12) derived by Mottram. 
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'2.2.5 Short Wavelength Theory 
All previous theories assumed that the wavelength should 
be long compared with the restriction dimensions. At high fre- 
quencies, when the wavelength becomes short and comparable to 
the meter length these theories become inadequate. 
The autho r and Dr. Mottram(40 
) have jointly developed a 
theory which considers the short wavelength effects. The main 
feature of this theory is the treatment of the continuity 
equation. When the length of the restriction becomes comparable 
to the wavelength, the product of the instantaneous bulk-mean 
velocity and the tube cross sectional area varies along the 
length of the restriction at a given time due to phase differences 
The phase difference between two points x apart . 2v 
-*- (UA)t =ý= constant. 
For incompressible flow, the time-mean value of the mass flow 
rate is constant, i. e. 
UAP 
As was mentioned in section (2.2.4) the siren pulsator was 
installed downstream of the orifice meter. In that case p --# Pse P 
Under pulsating conditions, the momentum and continuity 
equations can be written as follows: 
aU 4- U 
2-U- 
+ -L 
aP=0.... (2.25) at ax pp ax 
A3 Pp 
+. = .10...... (2.26) at ax 
for the reason that the upstream pressure pulsation amplitude 
is very . small the time dependent term 
Pp 
can be neglected. 
( 
at 
so 
Considering the flow between the inlet to the restriction 
and the vena contracta. 
4 
.............. 
is the effective length of the restriction 
A, is the pipe area 
2 
A2 
Ax is the area of the section at distance x from the inlet 
to the restriction 
Ad is the orifice meter area 
A2 is the area at vena contracta 
The instantaneous velocity at section (1) is U1 = U1 (1+ a, sinwi 
and at a distance x from the inlet to the restriction is 
U(1+ ay sin (wt + 27r) 
xxI 
X is the pulsation wavelength 
w is angular frequency = 2nf 
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If the pipelengths are long compared to the meter dimensions 
the non-dimensional pulsation amplitude does not change signi- 
ficantly in a length comparable to L. This is because the 
standing wave pattern has a length comparable to the length 
of the pipe system involved. In this case 
a1= a2 =a 
Integrating the momentum equation . (2.25) with respect to 
x we have 
22 
-ýU- dx +1 
3P dx + 3U dx 0 3x pp ax at 
2.2.5/1 Evaluation of Convective Acceleration Term 
2U 
2-U dx 
2 
udu 
U2 2-u, 2 
ýx 2 
11 
.. ** (2 . 27) 
U2 and U, are the instantaneous velocities measured at the 
same time at sections (1) and (2). 
L 92 (I+a sin (wt + 27r, 
2 
au u dx 
glAi U2A2 
A2 = Cc Ad 
U22 L )) 
2 -U 2 
+as in (wt. +. 2 iTl' (1 +a sin wt*) 
... 
(2.28) 
UZ 
c 
CM 
U2 
Substitute for 91 in equation (2-28) 
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U 
2U 222 
(1 +a sin wt) 
2] 
... CIX = 
U2 
1+a sin (wt + 21Tlf) c2m ax 2c 
I 
... (2.29) 
2.2.5/2 Evaluation of Temporal Inertia Term 
Consider the instantaneous velocity at a distance x from 
the inlet to the restriction, 
Iýx =U(1+a sin (wt +2 7r) x 
aU dx 
au1 
+a sin (wt +x2 Tr dx atx 
2 
U aw cos (wt + 27r dx ....... (2.30) x 
UA (2.31) 
x 
Ax Ud A U2 C dcd 
where Ax = A, f (x) 
f(x) is a function for the variation of the cross sectional 
area of the flow tube with distance x. f(x) can be defined 
for a specific nozzle or venturi but it is not easy to define 
for an orifice plate. 'Making sure that the boundary conditions 
are satisfied, f(x) is selected for convenience as follows: 
AI 
( Al 
T: A2 
It was found that a different version of Ax would shift the 
results slightly. A comparison between results of two versions 
of (AX) is described later in this chapter (section 2.3-5/3). 
A, A, 
_ 
.1 A2 =CcAdI. Iff- 
T2 Cc Ad c 
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Ai 
Ax = 
+x r Z: -c-M 
x 
Ai 
1 CCM 
C 
cm 
1 
Substitute Ax in (2.31) 
A, 
UX -= U2.. CC. Ad 
11 cm +xcI 
1+x(1- Ccm ux U2 
-Cc-M-II: Ccm 
22[ 
au 
1ýx dx = U2 .a. w. Cc mco s'(w t+2 Tr) dy ccm 
Applying integration by parts, 
2 
3U dx 92 Ca. m. w sin wt + 
27rL )-sinwt]+ 
c2 7r X 
2 CCMj 
c os 
(, 
t+2TrL 
]_ 
Cos wt (2.32) 
41T 2 
2.2.5/3 Evaluation of the Instantaneous Differential Pressure 
2 
ýy dx 
p ax 
-I- 
3T, ) dx 
pppp *.. o 
(2.33) 
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By substituting equations (2.29), (2.32) and (2.33) into 
equation (2.27) the instantaneous differential pressure can 
be derived. 
2 
Pu22 7T 
L22 2] 1+a sin (wt +cm+a sin wt) pP2c 
p U2 Cmaw1 sin (wt +2 
7TL 
sin w+ 
c7 -Tr c -CM -x 
ccm 
Cos ( wt + 
2TrL 
Cos wt ... (2.34') Tj TI Ccm x 
The time-mean differential pressure can be obtained by 
integrating equation (2.34) with respect to time: 
p 
U2 2+a2C2 
M2 
P22c)I 
the time mean flow rate is constant, i. e. 
m 
ps 
PS 
upppUsPsup=us 'PP 
2A 
s 
2sps (1-C 
c 
2M2) 
setee. 
(2.35) 
With some manipulations the following expression is obtained. 
Ps 
A +a 
2 
pp 2 
(2.36) 
This result is also obtained with the quasi-steady/temporal 
inertia theories (equation 2.18). 
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2.2. S/4 Evaluation of Arms 
as 
The r. m. s. value of the differential pressure is defined 
A 
rm s 
Ap -Ap 
]2] 
..... (2.37) 
Equation (2.34) can be written as 
and 
2 TrL 
2 
2M2 (I Wt)2 1+a sin (wt + cc +a sin 
Ap = 
I's 
6rI+ 
ppS-11cc2m2 
PS 2 As. Cc mawX12 7TL 
22 sin (wt + sin wt] + 
p 
72 (1 -ccM)2 7r 
CCM 
-L 
1(1- cc 2 TrL 
27r LCcm 
[Cos 
(wt + X-) - Cos wt] 
PS AS 21TL 12 
(A -T)=-[(1+a sin (wt + pp Pp (1 -Cc 2M2 )x 
c22 
)2] 
+2 
Ccp awx1i 
m1+a sin wt sin (wt + 
27TL 
-sinwt] c. 
(- 
27r 
[[Ucm 
U2 
ccm 
Cos (wt + 
2iTL 
Cos w 
21T LccmI[x 
t] 
Ps s a2 
] 
I+c2 m2. 
Pp (1 -CcE(2c 
)l 
p2 A2 
s T L'a )--C2 
2)2 4a 
2 [Siný0 
-2 
CC2M2 sine siný pppcm 
2 +Cc 4M4 sin 
20 + COS 2 20 - 2C c2 M'cos 
20 cos2ý +Cc4m4 sin 
2 2ý 
41 
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+4C 
"C 
2M2 
a2x 
2L; j2 
sir? e 
2 
sine siný + sin 
2ý] 
U2 24 IT 2c 
21 sinO - siný -L 
1(i- C-cm] 
COSO -Cosý 
I 
ý-Cm 
] 
27r LII 
_CC2 m22 Cos 2e-2 cose cosO + COS20 
L24 7r 21c 
') 1 11 
4a 2Cmaw 
+c1 sin 
20 
- (1 + Ccým) sinO siný +C2m2 sin 
2 
mc U2 27r c 
[1 -Ccnl ][sine 
cose - sine coO _ CC2M2siný cosO '27T L re- 
C2m2 siný cosý 
II 
-2a 
3 [sine cos 20_ CC2M2 (sinO cos2ý+ siný cos 2 0) 
cc 4m4 siný cos 2ý] 
2a'Cc mwX1- sine cos 2e - cos 2e siný -Cm sine cos 2ý 
U2 27r Gcm c 
+C2 M2 c os 20 cos 0 cos 2ý sin ý+'I c2 
Tr T 
[C 
+ cos 20 cosý -Cc 
2M2 
cos 2ý cose +Cc 
2M2 
cos 2ý cos 
where 
(wt + 
2TrL ) and wt x 
TI/W 
(A 22 Tr (Ap - EP) 2 dt p 
EP) -W 
jo 
Integrating (A 
p _T p 
)2 with respect to time we have 
(A -E 
.) 
2= p S, 
2&s 
4'a 21-2Cc 2m. 21 cos 
L2 Tr+ + 
p- Cc 2M2)2 2 2' x- 
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+ 
4 
a2C. 
C 
2M 2 
cos 2L 27r ++ TX21 
+ .4Cc 
2M2 
a 
2A2w2 
-I Cos 
L2 
7r ++ccM. U2 24 
7r2 2C c 
2M2 CCM x LiT 
( 
12 
-C m L2 
sin 27r + sin 2+ Cos 2Ccm 2X T]r L2 47r2 
I 
7cm x 
4a 2Ccma. 
92 2 -ir 
I 
Ccm 
sin'L 27T + sin 
L 
27r 
-IT L CC, M- 2x 
1 1+ Crm 
cos 
L 27 + 
CC2M2 
+ 
2CCM 2x2 
Tidying up we have: 
ArlnS )2 PS )2 
2a 2 (1 -2C 
2M2cos 
. 
2iTL +C4m4 
1 
_A -s pp (1 -Cc2m 
2)2 cxc 
-a 42,2L 
+C4 4) - (1 - 2C 2m cos 
27r m 
8cxc 
cc2m2a 2x2w2 
11 
cos 27r + u2 T2 2Cc2m2 ccm 
ccm 2 
X2 CCM )2 
sin 
27TL 
+1- cos 27r 2TrL cc mx4 IT 2L2 ýcm- 
III 
4a 2CcM 43 X CC2M2 
+--- -1 F 
(1 + Ccm) cos 27r + 
U2 2 Tr 2 UCM 
cc2 
'7rL 
m --C-- 
1-Cc 2M2 sin 2cmm 
Neglecting term including a4 since a<1 we have: 
58 
c2m2a 2x2w2 4a 2C mw x 
C 2M2 (I 27rL c 
c222 7r x ff2 Tr u2 
2 !S Arms )2 
2a 21 _C 
2m 2)2 + 
Aspp (I -Cc2m 
2)2 c 
where 
rm 
2 'TrL 1- +11- 
CCM )2] 
+ cos - -- 
rc 
mL24 
7T 2 
x2 
)2 
2 iTL 
cc sin xj- CCIn ') 2 
ccm2 7rL cc M 
and 
B (, +C m) (, _Cos 
2.7rL 
)+ 
c 
1-Cm sin 2? rL 
C 2M2 )I -TýM-- --T7-r U-- 
.cC) (l - -T- 
Pulsation wavelength X speed of sound 
LQ. 
frequency (f) 
Time-mean Mach Number of the flow at section (2) 
U2 
M2 
c 
cc2m2a 2x2W2 
U2 2 7r 2 
.4a 
2c 
cmw 
CLIIU 
U2 27T 
4Cc2m2a2 
M2 2 
4a 2M C 
M2 
2a 2 
p 
"rms ) 
sp 
12CC 2M2 (1 COS 
2ITL) 
+ 
CC 2M2)2 x 
m 
r, 
2C 
c2m2 Cos 
27rL [cl 1 -CCM )2] 
m22cm 
cL4 ir c 
x2 
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sin 
LEL I-CM 12 )2 ) c 
Cm 
'2 TrL c 
7- ccm 
x 
mc c 
-Cos 
21TL 
) (1 +C M) +(1-C2 M2 
cc 
F12 
ccccm 
sin 
27TL 
27TL 
x. - %0 
Rearranging the above equation we have 
2 pe 22 
(1 
2iTL rms I 2a I+_ co s 
"A 
spp (1 -Cc2m 2)2 
U 
1+ -1 
1+1 
m22 
cc m4 IT 2L2 
2 
2C 
c 
2M2 
MCC sin 
2 TrL 
(1 + CCM) + (1 ccm) 1-2- 
T- 
+ 
M2 222 TrL 
Ile 
sin 
2 7TL 
(1 -Cc 
'M 2) (1 -cc M) 
11-TI] 
M2 2 7TL 
xv 
The time-mean Mach Number of the flow through the orifice bore 
Md= CC m2 
.. 
A2=( 
PS )2 
2a 21+1 (1 _ Co s2 
TrL >, ) 
sppCc2m 2)2 
CC2 
+1(1_C CM 
2] 
2C2m2 
"2 mc m C-M . 2r 2c d 
47T Lc 
x2 
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M CC2 c2 sin 
(1 Cc M) 
m2 
(1 ccm )2 22 
iTL Md d 
c sin 
2TrL 
2 CC2 M)-. 
E (1 -cc M) 1 27TL 
ow 
Md x 
we write 
=(s 2a 2+X pp) 
11 1 
where 
+ 
o (2.38) 
cc2 
-rrL 
Cc1 
Cos +-+ 
Cc 2M2)2 
IMd2Ccm 
CCM )21 
12 M+a (1 +C M) 
4 7r 2L2 
ccm 14d c 
x24 
1 sin 
2 TrL 
sin 
27TL 
(1 - ce) 
2(1-2- 
27rL 
4- 
(1- 
-2 -7r 
(1 - CC2M2) 
m2 
dX -x 
ce) 
cc Fid 
X is a short wavelength term and is a function of Mach Number 
and Strouhal Number. 
Rearranging X equation we have: 
c 
M2 +m 
C 2M2 )2 
cos 
[2 
M2+ 
=- 
(1 + ccm) 
cdM) Md 
I 
cose) 
(I -C M) 2-2 2sinO 
o2 
c2+2 CCM) 2 (1 
dd 
sin (i -cc M) 
0cC ffd 
I 
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where e 
L2-ff 
x 
1- Cos 0- ))' K, 1- cos 0) K2 +(. e2 2 K3 +1-2 s'no k3 
sino j K4 
01 
where 
cc2 
Cc2m 2)2 
2+cC+m K2 Zm (1 + ccm) 
2 Fld 
MMd 
K3 CCM -1 14d 
K4 (1 - CC 2m 2) 
1-1-C CM 
Cc Md 
The ratio of meter restriction length to pulsation wave- 
length, X can be expressed as a product of 
Strouhal (LII 
Number, Mach Number and length ratio 
L=L. j=L0 fd 
Ud- 
N- ffd L 
Xcd Ud Csd 
Direct evaluation of the effective length, L. of an orifice 
meter restriction is-_not possible. It was found that when 
L was given an arbitrary value equal to D/3, the results 
obtained showed a reasonable correlation with predicted 
results. Uhen(L)was put equal to(d)the correlattion was 
much less satisfactory. 
62 
2.5.5/5 Metering Error Expressions 
From equation (2.19), the total error ET is defined as 
p Ap 
P 
;5 
TpsAs 
Using equation (2.36) we have 
psa2 
Ap2 
s 
Substitute it in the total error equation 
(2.39) T2 
From equation (2.38) we have 
-pp 1 2-( ]21 11 
s+ 
By substituting it in equation (2.39) we have 
ET=E, + 
Pp j2 rms ]2....... 
(2.40) 4 PS AS (1 + X) 
Dividing equation (2.38) by equation (2.36) we obtain 
rms )2 
+ 
a2 2a2 
(1 + X) 
....... (2.41) 
Ep -T 
By combining equations (2.39) and (2.41) we have 
rA ýl I- -1 
E11+ 1- 
( rms 12X (1 + X) --1.. (2.4 2) Ty Ap 
A 
It can be noticed that the metering error expressions 
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(equations 2.40 and 2.42) are very similar to those obtained 
using the quasi-steady/temporal inertia theory (equations 
2.23 and 2.24). The temporal inertia term, J2, 'is directly 
comparable to the short wavelength term, X. At very low 
pulsation frequencies, i. e. at low Strouhal Number the angle 
0 is very small and X tends to zdro and the metering error 
obtained from equation (2.40) and (2.42) is only due'to the 
square root effect and in only dependent on the differential 
pressure pulsation amplitude. 
2.2.5/6 Theoretical Results 
Theoretical curves showing the effects of temporal 
inertia term and short wavelength term on the flow meter were 
plotted. These curves are shown in Figures (2.1) and (2.2). 
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Table 2.1 Theoretical Errors Due to Temporal Inertia Term 
E 11.8 9.54 6.06 
1 
3.77 2.47 1.24 0.732 
rIT s - 1.0 - AS HJ 0 0.5 1.0 1.5 2.0 3 4 
ET 7.7 6.20 3.92 2.43 1.58 0.79 . 0.47 
14ms 
= 0.8 As 
HJ 0 0.5 
1 
1.0 1.5 2.0 3 4 
ET 4.4 3.53 2.22 1.375 0.895 0.448 0.264 
= 0.6 - AS 
HJ 0 0.5 1.0 1.5 2.0 3. 4 
E 1.98 1.587 0.995 0.613 0.399 0.199 0. 117 
A T rms 4 . , , . , . = 0. AS 
HJ 0 0.5 1.0 1.5 2.0 3 4 
Table 2.2 Theoretical Errors Due to Short Wavelength Term 
'Irms =1 
ET 11.8 8.012 6.07 4.88 4.08 3.077 2.47 
.0 As 
x 0 0.5 1.0 1.5 2.0 3.0 4.0 
ET 7.7 5.19 3.923 3.15 2.63 1.98 1.587 
=0.8 As 
x 0 0.5 1.0 1.5 2.0 3.0 4.0 
Arms 
ET 4.4 2.95 2.22 1.784 1.488 1.118 0.895 
0.6 E-S- 
x 0 0.5 1.0 1.5 2.0 3.0 4.0 
A 
rms 
ET 
- 
1.98 1.324 0.995 0.196 0.664 
. 
0.498 0.399 
0.4 A 
s x 0 0.5 1.0 1.5 2.0 3.0 4.0 
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2.3 TEE EXPERIMENTAL WORK 
2.3.1 Introduction 
The main objective of the experimental work was to 
measure accurately metering error, E T, when square-edged 
orifice plates fitted with corner tappings were subjected 
to sinusoidal Dulsations at frequencies between 50-500 Hz 
and to compare the experimental results with those predicted 
by the short wavelength theory. 
I 
In the previous investigations of pulsation effects on 
flow meters, different types of pulsators installed at various 
-positions were used 
to generate pulsations. 
Earles and Zarek(25) utilised a piston pulsator installed 
in a tee-branch at right angles to the test pipe. Jeffery's 
(27) 
pulsator was an oscillating butterfly valve within the pipe. 
(29) Moseley used an oscillating piston within a bypass line 
that spanned the meter run. Mottram and Downing 
(34,38) 
carried 
out their experimental work using a reciprocating piston 
pulsator with the cylinder coaxial with the meter run and 
located about 4S pipe diameters upstream of the meter. 
The maximum pulsation frequency achieved with the afore 
mentioned pulsations was 50 Ez. The author's investigation 
covered a frequency range 50-500 Hz. Such frequencies are 
impossible to achieve with the piston pulsator. Therefore, 
a siren pulsator was used to generate the required range of 
frequencies. 
(23.924) 
Sparks used a siren device for his experimental 
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investigation which produced pulsation frequencies up to 
100 cps. As was mentioned in section (1.2") there were many 
points against his experimental technique which made his 
results dubious. 
2.3.2 The Experimental Test Apparatus 
The apparatus can be divided into three main parts, 
namely, the air flow rig, the pulsator and the instrumentation. 
2.3.2/1 The Air Flow Rig 
Air was chosen as the working fluid to enable the author 
to investigate the compressibility effects. (Full details 
of compressibility effects will be described in the next 
chapter. ) The fluid can be regarded as incompressible if the 
differential pressuresacross the flow meter are sufficiently 
low. In this investigation the differential pressure across 
the flow meter is low enough to assume that the fluid is in- 
compressible. 
The rig is supplied with air by means of two water cooled 
compressors., when one is operating and the other is on stand-by. 
The general layout of the rig is shown in Figure (2.3). The 
air enters the rig via the critical nozzle and the flow rate 
can be controll&d by regulating the pressure upstream of the 
critical nozzle. This pressure which is indicated on a two- 
revolution bourdon-tube gauge can be maintained to within 
tO. 1% 
during both steady and pulsating flow by a continual adjust- 
ment of the hand control valve. Since the pulsator is down- 
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stream of the critical nozzle, the flow rate can be kept 
constant under both steady and pulsating conditions. 
The settling chamber of volume 10ft' which is installed 
downstream of the critical nozzle acts as a damping system 
and ensures that the noise -from the critical noztle does 
not travel downstream to the test section. 
The test section consists of 80 mm bore steel pipe with 
approximately 56 diameter of straight length upstream and 
downstream of the metering section. 
The metering section consists of a square-edged orifice 
meter mounted in a carrier plate. The carrier has provision 
for two sets of corner. tappings to be used for the differen- 
tial pressure measurement. One set is connected to a U-tube 
water manometer and the other to a differential pressure trans- 
ducer built in the carrier (see Figure 2.5). 
The-air flow leaves the test section through a terminal 
nozzle and is interrupted by the siren pulsator blades. 
A full picture of the flow rig can be seen in Plate (2.1). 
2.3.2/2 The Pulsator 
A siren pulsator was used to generate sinusoidal pulsa- 
tions at frequencies up to SOO Hz. A sketch of the siren 
pulsator is shown in Figure 
The pulsator consists of sixteen rectangular blades on 
a rotating disc mounted on the shaft of a d. c. motor which 
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drives the siren. The pulsations are produced as the rotating 
blades interrupt the flow leaving the rig through the terminal 
nozzle. 
The pulsation frequencies can be controlled by varying 
the SDeed of the d. c. motor by means of a d. c. controller. 
The pulsation amplitude can be modified by adjusting the 
clearance between the siren blades and the terminal nozzle. 
During the experimental tests, the author faced some 
difficulty in controlling the frequency to maintain a constant 
pulsation in amplitude. 
A picture of the pulsator is shown in Plate (2.2). 
2.3.2/3 The Instrumentation 
A schematic layout showing all the instruments used'for 
the measurement of the fluid velociti. es, pressures' and 
temperatures is shown in Figure (2.6) and the arrangement 
of the instruments can be seen in Plate (2.3). 
2.3.2/3.1 Pressure Measuring Devices 
As the flow rate is related to the differential pressure, 
the most crucial measurements were the instantaneous diffe- 
I 
rential pressures across the orifice meter. In this inves- 
tigation, a bome made transducer in which S. E. Lab diaphragm. 
and coils were fitted was used for these measurements. The 
transducer was built into the orifice plate carrier to reduce 
the length of the passage connecting the pressure tappings 
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to the transducer diaphragm to a minimum (see Figure 2.5). 
This length must be short compared with the pulsation quarter- 
wavelength in order to avoid organ-type resonance effects. 
With the length down to about J", the frequency response 
of the differential pressure transducer was flat up to a 
pulsation frequency of 500 Hz. Sometimes the pulsations 
generated by the siren pulsator were not purely sinusoidal 
pulsations and for that reason the transducer readings were 
rejected when theeffective frequency Hf > 500 where 
f was the fundamental pulsation frequency 
and IH was the harmonic distortion factor. 
The upstream gauge pressure was measured using a diffe- 
rential pressure transducer (S. E. Laboratories Ltd. Type 
SE 150/5011 WG). The mean value of the signals (AP. 9 P) were 
measured by means of long time-constant RC filters and a 
Solartron digital volmeter (DVM). The root mean square of 
the signals (Arms, Prms) were measured on a true-r. m. s. volt 
meter. 
In addition to the electronic transducers,, a water mano- 
meter was used to measure the differential D, ressure across 
the orifice meter and a pressure gauge was used to measure ID 
the upstream pressure. 
A common switch for selecting the required signal to be 
measured was utilized. The signals were displayed on a 
double beam oscilloscope. 
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2.3.2/3.2 Velocity Measuring Apparatus 
A hot-wire anemometer probe was used to measure the 
centre line velocity and to obtain the velocity profiles 
across the pipe diameter. The probe was installed at about 
3 pipe diameters upstream of the orifice meter. The very 
fine sensing element of the probe was situated at the pipe 
centre facing the flow at a right angle. To obtain the 
velocity profile, the probe could'be traversed across the 
entire pipe diameter by means of a micrometer-screw head 
(see Figure 2.7). 
The signal from the probe was fed into a constant 
temperature anemometer. A linearizer was used to give a 
linear relationship between the velocity and the output 
voltage. An auxiliary unit containing high and low pass 
filters was also used. 
The linearised signal was averaged with an R. C. filter 
and then measured on the Solartron digital volt meter via 
the common switch, i. e. (U The root mean square value 
of the velocity signal (U rms) was measured using a true 
r. m. s. meter. The signal was displayed together with the 
differential pressure signal on a double beam oscilloscope. 
2.3.2/3.3 Pulsation Frequency Measumement 
The frequency of pulsation was measured directly from 
the pulsator using a disc with sixteen equispaced studs 
around its periphery mounted on the motor drive shaft. 
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A magnetic transducer situated very close to the 
rotating studs was used to pick up the frequency and display 
it on a frequency meter. The frequency signal was fed into 
the phase locked loop circuit and was displayed on a double 
beam 
. 
0scilloscope (see Figure 2.8). 
2.3.2/3.4 Temperature Measurement 
The air temperature was measured by means of thermo- 
couples and an automatic cold injection thermometer unit. 
The temperatures of air at various positions of the rig 
such as upstream of the critical noztle and about 25 pipe' 
diameters upstream of the metering section was measured. 
2.3.2/3.5 Data Recording and Processing 
A digital transient recorder was used to record the I 
air velocity and the differential pressure signals under 
pulsation conditions in order that the data could be fed 
into the computer for processing. The data stored in the 
transient recorder was transferred to a paper tape through 
a Facit paper tape, punch. Data recording and processing 
block diagram is shown in Figure (2.8). 
The transient recorder stores information at 1024 
sampling points. In this investigation, it was decided 
to distribute the sampling points over 4 pulsation cycles, 
256 points per cycle. Plots of typical 4 cycles of both 
velocity and differential pressure signals are shown in 
Figure (2.9). If the fundamental frequency of the pulsation 
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varies between S-SOO Hz, the frequency of triggering pulse 
train varies from 1.28 KHz-128 K. Hz. This is within the 
permissible range of the recorder triggering pulse frequency 
(I KHz-5 MHz). 
To supply the transient recorder with a triggering 
pulse for each sampling point, a triggering circuit with a 
phase locked loop was developed. The phase locked loop 
circuit is shown in Figure (2.10). 
The phase locked loop (P. L. L. ) was constructed to 
give 256 pulses per cycle operating on the output of the 
magnetic Dick up. The P. L. L. output fed into the transient 
recorder was equal 256 x the fundamental frequency. 
The capacitor C in the P. L. L. circuit has different 
values to cover the frequency range 50-500 Hz. With a 
certain capacitor connected, the potentiometer was varied 
to lock the output frequency onto the pulsation frequency 
within the range covered by the connected capacitor. For 
values of C see Appendix (1). To make sure that the device 
has locked onto the pulsation frequency and not onto a 
harmomic, the P. L. L. output was divided by 256 andIthis 
divided frequency signal was displayed on a double beam 
oscilloscope together with the fundamental frequency signal 
picked up by the magnetic transducer. 
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2.3.3 The Experimental Test Procedure 
Each day before starting the test runs, the differential 
pressure transducer and the hot wire anemometer were calibrated 
and checked for linearity. The differential pressure trans- 
ducer was calibrated by plotting the differential pressure 
measured by the transducer against the differential pressure 
measured by the water manometer to ensure a linear relation- 
ship between them. 
The hot wire anemometer system was switched on for four 
hours before starting the tests so that all the units were 
stabilized. Since the instantaneous velocity is proportional 
to the square root of the differential pressure across the 
orifice meters the hot wire anemometer was calibrated against 
the square root of the differential pressure measured by the 
water manometer. It was made sure that there was a linearity 
between them. 
Before each test all the instruments zero settings were 
corrected. The air flow mass was turned on and maintained 
at the required flow rate throughout the test under steady 
I 
and pulsating conditions by means of the hand control valve. 
The flow rate was measured from the pressure upstream of 
the critical nozzle indicated on the precision pressure gauge. 
The following measurements under steady conditions were 
carried out. 
1. The atmospheric pressure and the air temperatures upstream 
of the orifice meter and upstream of the critical nozzle 
were recorded. 
76 
2. The differential pressure across the meter measured by the 
transducer (A Volts) was read off the digital volt-meter. s 
The differential pressure measured by the water manometer 
(A 
s 
inch of water') was recorded. 
3. The pressure upstream of the orifice meter (Pups psi) as 
indicated on a pressure gauge was read. 
4. The centre line velocity (U CL ) was measured by means of 
the hot wire anemometer and a digital volt meter. 
S. The velocity profile was measured across the pipe diameter. 
The pipe factor (F) was calculated using the 10-point 
log-linear method indicated in BS. 1042: 2A: 1973 
(52). Since 
the velocity pulsation amplitude is equal to 
(Urms ) 
and U 
not the bulk mean velocity, U, was calculated 
( 
UCL 
)I 
from the following relationship 
U F. U CL 
The velocity profile for U rms was 
found to be almost flat, 
and therefore, U rms was considered to 
be equal to the 
centre line, Urms* 
A typical velocity profile can be seen in Figure 
Having completed all the measurements under steady 
conditions, the clearance between the pulsator blade and the 
pipe terminal nozzle was adjusted and the siren pulsator was 
switched on. The procedure adopted in this investigation was 
to keep the pulsation amplitude 
(AI 
constant at a certain 
value and vary the pulsation frequency to cover the frequency 
range 50-500 Hz. 
Because of the acoustic characteristics of the pipe 
system the pulsation amplitude at the test meter was highly 
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frequency dependent. It was necessary to adjust the frequency 
within a*selected bandwidth to obtain the desired amplitude. 
After obtaining the required pulsation amplitudesi the 
following measurements were taken: 
1. The upstream pressure (PuppPsi ) was measured and in order 
to make sure that the pulsation amplitude of the upstream 
pressure (P rms 
/F) was very small (i. e. the upstream 
pressure mean value F was large compared with Prms ) the 
mean value of the upstream pressure 7 was measured by the 
DVM and the r. m. s. value (P rms) was measured 
by a true r. m. s. 
meter. 
2. The mean value of the differential pressure (A p volts) was 
obtained from the DVM. The r. m. s. value of the differential 
pressure (Arms) as inaicated on the true r. m. s. meter was 
then read to be compared with that calculated by the com- 
Puter. 
3. The differential pressure signal was recorded on the 
transient recorder which stored 1024 sampling points dis- 
tributed over 4 cycles, 256 points per cycle. The data 
stored in the recorder was then transferred to a paper tape 
through a paper tape punch. The tape was then fed into 
the computer for processing. 
4. The mean value of the velocity (5 volts) was obtained from 
the DVM and the r. m. s. value of the velocity (Urms) was. 
then measured from-the true r. m. s. meter, also to be com- 
pared with that calculated by the computer. 
5. The velocity signal was also stored in the recorder and its 
output was fed into the computer in the same manner as for 
the differential pressure signal. 
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After taking all the required measurements under pulsating 
flow conditions, the pulsator was switched off and the steady 
condition measurements were rechecked. The flow was then 
switched off and the zdro r-eadings of all instruments were 
checked in case of drift. 
The same procedure was repeated with different pulsation 
frequencies at the same certain value of pulsating amplitude 
A 
--=Ms Having covered the frequency range 50-500 fIz., the AS 
]. 
clearance between pipe terminal nozzle and the pulsator blades 
was readjusted to give a different pulsation amplitude. 
The same procedure was repeated using the frequency range 
50-50OHz with the new value of the pulsation amplitude. Three 
different sizes of orifice meters were tested. All the 
measurements taken for the whole series of tests can be seen 
in Tables (2-7) at the end of the thesis (Appendix 1). 
2,3.4 The Experimental Results 
The orifice meter sizes on which a series of tests were 
conducted were 25., SO and 63 mm. Because of the phase locked 
loop design, the lowest pulsation frequency used was SO Hz, 
hence the frequency range was 50-500 Hz. The pulsation amplitude 
was kept constant during the tests covering the frequency rM. SI 
-ange 50-500 Hz. The pulsation amplitude 
( 
As 
] 
was chosen 
instead of 
I -Arms because As was constant and could easily be Ilp A 
measured under steady flow conditions which made 
("I 
easy 
to control whereas -5 varied with A making -, 
rms difficult 
p rms 
(r Is 
to control. The constant values of pulsation ampYitude were 
chosen as 1.0., 0.8,0.6 and 0.4 for the 50 and 63 mm orifice 
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meters, and 0.6,0.5,0.4,0.3 and 0.2 for the 25 mm, meter. 
As was mentioned in section (2.3.2/2) these pulsation amplitude 
values were difficult to obtain and maintain. "constant. 
Any slight varaition in the frequency could cause a change in 
the amplitude value and because of that a fine frequency 
control was needed all the time to keep the amplitude 
constant. 
A computer programme was utilized to calculate the root 
mean square value of the differential pressure and the velocity 
signals (A rmss 
Urms ) from which the differential pressure and 
velocity pulsation amplitudes 
Arms Arms 
and were 
( 
As , AP UI 
calculated. The temporal inertia and the short wavelength 
terms (HJ, X) were also calculated. 
The computer programme was also used to calculate the 
total error, the square root error and the theoretical errors 
due to the temporal inertia and short wavelengths effects. 
In addition to that various parameters such as Strouhal Number, 
Reynold Number, upstream density and upstream sonic velocity 
were also calculated. 
As the temporal inertia and short wavelength theories 
assume. that the pulsation waveform should be sinusoidal, all 
results with distortion factor (H) higher than (1.5) were 
rejected. Results with effective frequencies (Hf) higher than 
500 were also rejected. 
A summary of results obtained from the tests carried out 
on the three*orifice meters can be -seen in Tables (2.3-2-9) 
at the end of this chapter. 
so 
The complete set of results-of the whole series of tests 
can be seen in Tables (8 -10 at the end of the thesis 
(Appendix 1). 
2.3.5 Discussion of Experimental Results 
2.3.5/1 Comparison of Piston and Siren Pulsator Results 
Tests were carried out at a pulsation frequency of 50 Hz 
generated by a siren pulsator located downstream of an orifice 
meter. The meter error, E TI was measured for various pulsation 
amplitudes. The results of these tests were compared with 
Dr. Mottram's test results carried out at the same pulsation 
frequency (50 Hz) using a Diston pulsator located upstream of 
the orifice meter (see Table 2.3). Both results were plotted 
on the same graph of total error against pulsation amplitude 
(see Figure 2.12). 
It can be seen that all points lie on the same curve and 
show no effects which depend on the type or location of the 
pulsator, provided that the pulsation amplitude is modified 
taýing into account the upstream pressure difference when the 
pulsator is placed downstream of the flow meter. (A complete 
description of the upstream pressure difference compensation 
is presented in the next section. ) The velocity profiles 
with the siren and piston pulsator were checked and showed 
that both pulsators did not have any effect. 
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2.3.5/2 Compensation for Density Differences 
The siren pulsator, which was downstream of the orifice 
meter, interrupted the flow and consequently caused a change 
in the upstream pressure when the pulsator was turned on. 
For this reason the fluid density under steady flow conditions 
was no longer equal to the density under pulsating conditions 
and the differential pressure readings under pulsating flow 
conditions were also affected. Since the fluid was assumed 
incompressible, compensation for the density difference was 
included in the theoretical analysis. The ratio of upstream 
pressure under pulsating conditions to the upstream pressure 4> 
under steady flow conditions, 
Pua 
was the appropriate 
I 
Pup s 
compensation factor. 
2.3.5/3 Temporal Inertia Effects - The "HJII Term 
Figures (2.13), (2.14) and (2.15) show graphs of total 
pulsation error plotted against temporal inertia term, (HJ). 
The graphs represent the results of a series of tests carried 
out on each of three orifices of 25,50 and 63 mm bore at 
ftequencies between 50 and 500 Hz with various pulsation 
amplitudes. 
The solid line curves represent the theoretical relation- 
ship expressed by equation (2.23). The value of (J)term was 
evaluated assuming that (11 )was an'appropriate value for the 3 
orifice effective length, Le. 
The graphs show that the experimental results do, not 
agree adequately with the theoretical prediction. Although 
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the metering errors follow the same trend as the theoretical 
curves showing that the metering error decreases with the 
increasing value of HJ, they do not decrease sufficiently to 
be in line with the theoretical prediction. 
It was noted that Dr. Mottram(34,35236) obtained a 
reasonable correlation between his experimental results and 
those predicted using the temporal inertia theory but his 
tests were carried out at frequencies below 50 Hz. It was 
concluded that the temporal inertia theory is inadequate for 
predicting high frequency pulsation effects. 
2.3.5/4 Short Wavelength Effects - The "X" Term 
Series of tests were conducted on each of three orifices 
of 25,50 and 63 mm. bore. The metering pulsation errors were 
measured for various pulsation amplitudes at frequencies 
between 50 and 500 Hz. The results of these tests are shown 
in Figures (2,16), (2.17) and (2.18) in which metering error, 
E TI is plotted against short wavelength term, X. The value 
of X was determined following the same assumptions that 
D 
was 
an appropriate value for the restriction length(L)as was 
assumed for (J)term evaluation. 
The solid line curves represent the theoretical results 
obtained from equation (2.40) which predicts errors due to 
short wavelength effects. 
The graphs show that there is a reasonable agreement Cý 
between the experimental results and the theoretical prediction. 
The metering error decreases with the increasing values of X. 
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. 
The decrease of metering error is more pronounced for the high 
pulsation amplitudes and large orifice diameter. 
There is some experimental scatter which is mainly due 
to the difficulty in maintaining a constant pulsation amplitude 
in a series of tests. 
During the development of the short wavelength theory, 
the area of the section at'a distance (x) from the inlet to 
the restriction, Ax, yas arbitrarily assumed to be equal to 
Al 
A, 
T2 
The expression of the short wavelength term, X, obtained was 
used to evaluate all X-values for this investigation which 
were plotted against metering error, ET (Figures 2.16,2.17 
and 2.18). 
A different version of Ax was selected 
?ý Al Ax = Ai 1+LI rd, -iI 
The expression of X obtained using this version of Ax differed 
sli 
I 
ghtly from the expression of X using the original version 
of Ax. The values of X evaluated from the new expression were 
called X1. Figures (2.19), (2.20) and (2.21) show graphs of 
total error, B TP plotted against XI. The total errors are the 
same total errors which were plotted against X in Figures (2.16), 
(2.17) and (2.18). 
By comparing the two sets of graphs, it can be seen that 
a'different ver'sion of Ax would only shift the result to the 
left, hence it has no significant effect on the results. 
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2.3.5/5 Comparison of Quasi-steady, Quasi-steady/Temporal 
Inertia and Short Wave-length Theories 
The experimental results were plotted in three different 
ways as shown in Figures (2.22), (2.23) and (2.24) to enable 
us to compare the three*theories and their application for high 
frequency pulsations. 
In Figure (2.22) metering error, E T' was plotted against 
an unmoclified pulsation amplitude 
Arms *Pu 
UPS s 
The solid line 
curve represents the theoretical error predicted by the quasi- 
steady theory, i. e. it is the theoretical square root error 
(X or J= 0). It can be seen that at low pulsation amplitudes 
there is a good agreement between experimental results and 
theoretical curve but at larger values of pulsation amplitudes 
the measured errors are very much less than the square root 
errors. 
In Figure (2.23) the same metering errors were plotted 
Arms P 
against a pulsation amplitude O"PP modified by the 
IAs 
Pups 
(1 + B2j2) -I temporal inertia factor 2. The curve is the metering 
error predicted by the quasi-steady/temporal inertia theory 
(e4uation 2.23, HJ =0). 
It can be seen that the temporal inertia factor (1+ jj2j2)-j 
over-corrects the results by pushing the points too far to the 
left while the metering errors remain unchanged. 
Figure (2.24) shows the same results plotted against a 
pulsation amplitude 
Arms PuPP 
modified by the short wave- 
(" 
4s Pups 
) 
length factor (1+ X) I. The curve is the metering error pre- 
dicted by the'short wavelength theory (equation 2.40, X= 0). 
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There is quite good agreement between experimental and 
theoretical results for the whole range of pulsation amplitude 
apart from a few points of the largest orifice results. 
Figure (2.25) shows the metering errors plotted against 
a pulsation amplitude modified by the short wavelength factor 
.i (1 +XV)_2 where X' is a slightly different version of X (see 
section 2.3.5/4). 
The correlation between experimental and theoretical 
results is also quite g9od. The new version of X has only 
shifted the results slightly to the right and showed no 
significant effect on the results. 
2.3.5/6 Metering Errors at Small Pulsation Amplitudes 
In practice metering errors incurred as a result of small 
amplitude pulsations are of more interest than those due to 
large amplitude pulsations. Large amplitude pulsations can 
be damped to a certain level and it is essential to know 
whether or not the damped amplitude will have an effect on 
the orifice meter accuracy. 
Figure (2.26) shows a graph of metering error, E TI plotted 
against relatively small values of pulsation amplitude rms Ep 
where A is the time-mean differential pressure measured p 
under pulsating conditions. The frequency range in which all 
the results were obtained was 50-500 Hz. The solid line curve 
is the theoretical square root error. 
It can be seen that there is good agreement between the - 
measured metering errors and the theoretical curve. 
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By comparing Figure (2.26) with Figure (2.27) which shows 
similar results obtained by Dr. Mottram using a piston pulsator 
operating in the frequency range 5-50 Hz'it can be seen that 
there is a little difference between the two sets of results. 
Since the metering errors of the damped pulsations are 
not significantly higher than the theoretical square root error, 
damping criteria are important and could be applied in the 
practical applications. 
2.3.6 Conclusions 
1. The location and design of the pulsator do not have an 
effect on the results of the effects of pulsation on orifice 
meter accuracy investigations, provided that the pulsation 
amplitude is modified to take into account the upstream density 
difference when the pulsator is placed downstream of an orifice 
plate and provided that it does not distort the velocity profile 
or create swirl in the flow. 
2. Quasi-steady/temporal inertia theory was found in- 
adequate for predicting pulsation errors at high pulsation fre- 
quencies. 
3. At high pulsation frequencies the short wavelength 
theory gave more satisfactory prediction of metering errors. 
4. As the short wavelength term, X, which. depends on the 
frequency increases, the metering error tends to decrease at 
fixed pulsation amplitudes. The effect is more noticeable at 
large amplitudes As > 0.6 and large orifice diameters. 
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S. At small differential pressure pulsation amplitudes, 
ýrms 
5 0.6 the simple quasi-steady theory is adequate for 
Ap 
predicting metering errors. At frequencies up to SOO Hz, 
the metering error tends to be slightly less than the theore- 
tical square root and is never significantly greater. Thus 
the theoretical square root error may be used as a safe 
approximate guide as to likely errors at low pulsation 
amplitudes. 
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Table 2.3 Comparison between Piston and Siren Pulsator Results 
Frequency ;ý 50 Hz 
Piston Pulsator Siren Pulsator 
x E T 
Arms 
As x E T 
Arms P UDD 
-Es- Pl-u-; P--*S- 
0.0306 9.9 1.0 0.0308 11.9 1.12 
0.0342 9.6 1.0 0.0291 7.1 0.84 
0.035S 4.2 0.633 0.0397 3.7 0.607 
0.0271 3.7 0.628 0.0413 1.8 0.407 
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Table 2.4 
Summary of Results for (25 mm) Orifice Meter. f= 50-500 Hz 
Total Error 
BT% 4.6 3.5 3.2 3.6 
Arms Pupp 
- 
x 0.0799 0.280 0.5423 0.8932 
-2ý s ýPups X1 0.03475 0.125 0.2366 0.3898 
0.55 
HJ 0.5539 2.222 1.8711 1.8166 
Total Error 
ET% 3.2 2.6 2.3 2.6 
Arms P PýPR 
x 6.0657 0-. 2698 0-5346 0.8932 
AS Pups Xv 0.0285 0.1177 . 0.2333 0.39 
0.49 HJ 0.6749 1.3343 1.908 1.798 
Total Error 
ET% 2.0 1.1 1.4 1.2 
Arms P UP12 
x 0.0898 0.3123 0.473 0.9023 
As P UPS Xv 0.039 0.1361 0.2061 0.3942 
0.38 fu 0.7681 1.0485 1.2714 2.0247 
Total Error 
ET % 1.0 0.6 1.0 
A 
rms 
p 
Upp 
x 0.0799 0.3204 0.4726 
Sp UPS Xf 0.034 0.1398 0.2065 
0.30 HJ 0.7264 1.080 1.333 
Total Error 
ET% 0.5 0.5 0.5 
Arms p Upp 
x 0.0608 0.2473 0.495 
AS Pups Xv 0. . 0265 0.1080 0.21607 
= 0.18, HJ 1 0.5215 1 1.058 1 1.3123_ 1 
-1 
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Table 2.5 
Summary of Results for'(50 mm) Orifice Meter. f= 50-500 liz 
Total Error 11.9 11.8 9.4 8.2 ET 
Arms p UPP x 0.03085 0.13218 0.4726 1.3462 p 
UPS 
1.12 XI 0.0173 0.0759 0.2654 0.7564 
HJ 0.3032 0.9799 1.688 2.404 
Total Error 7 1- 6 8 6.6 5.4 ET . . 
Arms p Upp . 
p --- 
U S 
x 0.02 908 0.1 845 0.4197 1.3299 
P 
XI 0.01602 0.1038 0.2372 0.7484 0.84 
HJ 0.2867 0.7031 1.267 2.0518 
Total Error 3.3 4.1 3.6 3.5 ET % . 
Arms p Upp - 
-7s- p x 0.0397 0.16308 0.4149 1.3121 
UPS 
= 0.607 XI 0.0227 0.0917 0.233 0.7382 
HJ 0.3596 0.664 1.198 1.986 
Total Error 1.8 - 1.4 1.9 1.8 ET% 
Arms PuM x 0.0413 0.0894 0.41101 1.6406 
AS UPS 
0.407 
X? 0.0236 O. OS03 0.23121 0.9222 
HJ 0.3715 0.4757 1.0748 2.020 
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Table 2.6 
Results for (63 mm) Orifice Meter. f= 50-500 Hz 
Total Error 
ET 13.7 7.4 3.4 
Arm SP upp 
-Ts- Pups 
x 0.2265 1.2661 2.5095 
X 0.13175 0.8175 1.6179 
Bi 0.628 2.089 2.642 
Total Error 
ET % 8.6 6.7 3.8 1.3 
A 
rms 
P 
UPP 
AsP 
UPS 
x 0.2253 0.9810 2.436 3.8565 
XI 0.14369 0.6325 1.5698 2.5186 
0.97 
Bi 0.665 1.455 2.563 4.00 
Total Error 
ET% 3.4 4.5 4.7 2.9 
Arms P 
UPP 
AS UPS 
x 0.19527 0.96631 2.3279 3.090 
I xf 0.1267 0.6221 1.502 1.994 
0.68 
HJ 0.623 1.495 2.419 2.923 
Total Error 
ET% 1.4 2.3 1.3 
A 
rms 
P 
Upp 
As Pups 
x 0.2722 0.9863 2.035 
xf 0.17556 0.6364 1.3140 
0 387 f . 
HJ 0.7726 1.4852 2.859 
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Chapter Three 
COMPRESSIBILITY EFFECTS 
124 
3.1 INTRODUCTION 
The objective of this work was to investigate the 
compressibility effects on differential pressure flow meters 
under pulsating flow conditions. 
Compressible fluids can be treated as if they were in- 
compressible when they are metered under steady flow conditions 
provided that the density drop through the restriction is 
allowed for by an expansibility factor, c. When the flow is 
pulsating the static pressure and the expansibility factor are 
time dependent and cannot be assumed constant. 
The compressibility effects appear with a large pressure 
drop across the restriction which reduces the expansibility 
factor value to less than unity. 
Due to the mathematical complications which can arise by 
including the fluctuating density term in the basic flow 
equations very limited theoretical work has been done in this 
field. 
Sparks 
(23,24) 
avoided developing a new theory for com- 
pressible flow under pulsating conditions, and instead he 
applied the square root theory and a. theory which took into 
account the inertial effects for the pulsating compressible 
flow. The results obtained indicated that square root theory, 
even with the inductance effects of Strouhal Number considered, 
was insufficient in describing the total error mechanism in- 
volved in pulsating compressible flow. He believed that there 
were other effects which overshadow the theoretically defined 
125 
effects. 
Dr. Mottram. (34) derived a simple theoretical relationship 
between the total errors and expansibility factors which 
depended on the velocity pulsation amplitude. 
An attempt to develop a mathematical model of the metering 
error which takes into account the fluctuating density under 
pulsating flow conditions is discussed. 
Orifice and venturi nozzle meters were subjected to 
sinusoidal pulsations of various amplitudes in the frequency 
range 0-50 1Hz generated by a piston pulsator'located upstream 
of the metering section. 
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3.2 THEORETICAL ANALYSIS 
3.2.1 General 
The equation of mass flow rate under steady flow 
conditions is given as 
7rd 
221 
-m2 4 
.. o.... 1) 
For compressible flow, the changes in the density during 
expansion are accounted for by using an expansibility factor, 01 
c, and equation (3.1) becomes 
iTd 
22 
M 
C. 4 M21' ....... 
(3.2) 
i 
For isentropic expansion as in a venturi. or a nozzle the 
expansibility factor, c, is given by the following relationship 
-Y=l 1 2rY) 
r ly ....... (3.3) 
_M2 ry) (1 - r) 
I 
where r is the pressure ratio 
(P2 
pl] 
Mien the expansion cannot be regarded as isentropic, empirical 
data is used. ASNIE Code(53) gives the following relationship 
for c to be used with square edged orifices 
2. As (0.4 +0.35 m) ypi 
(3.4) 
A similar equation which gives approximate values of 
expansibility factor for venturi meters is as follows 
(0.79 + 1.27 mg I -) 
As 
YPJ 
(3.5) 
When the flow is-pulsating the eXpansibility factor and the 
density become time dependent and the density terms in the 
momentum and continuity equations cannot be neglected. 
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3.2.2 Fluctuating Density Effects 
The aim of this analysis was to develop a mathematical 
model of the metering error which takes into consideration 
the density fluctuations. 
Assume that the density fluctuates sinusoidally and is 
presented by 
P+b sin (wt + 6) (3.6) 
where is the time mean density 
b is the density pulsation amplitude 
e is the phase angle which depends on the pulsation 
wavelength and the distance along the meter 
Consideri. ng the worst case, which rarely occurs, i. e. 
when there is no standing wave pattern and the upstreýLm static Zý 
pressure and velocity fluctuations travel in phase with each 
other. 'In this case the fluid velocity is presented as follows 
U= U(1+ a sin (wt + e) (3.7) 
At a distance x from the inlet to the restriction, the 
density and the velocity are 
p x = 
Tx 1 +b sin (wt + x)....... (3.8) 
and 
u =u1 x +a sin (wt + 
211 
x)...... * (3.9) x x 
a and b are independent of x. 
The one dimensional flow momentum equation is 
au 
+u Du , 1- 57-t 3x ý 
ex 
= 
and 
2u aD 
u-t- + pu 
lu 
+£=0o. te... (3.10) ax ax 
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Integrate with respect to x 
222 
P 
ý-u 
Cix +U 
ýU dx + dx =0 at P ax ax 
111 
.22 
Au au ppE dx + pu dx at ax 
.11 
.. (3.11) 
When equations (3.8) and (3.9) are substituted into equation 
(3.11) the differential pressure expressionbecomes very com- 
plicated so that a useful expression for the metering error, 
which will produce fruitful results, cannot be obtained. 
The author thought it was worthwhile to carry out 
experimental tests to find out what sort of effects the results 
would show and to see whether, they followed the same trend as 
the theoretical curves plotted by Dr. Mottram (Figure 3.1). 
His curves were produced using his simple theoretical relation- 
ship in which he derived an expression for the differential 
pressure based on quasi-steady flow assumptions as follows: 
A 
*P = (1 +as in Wt) 
2 
(1 -A 
)2 
0.0 ... o (3-12) As(1- A(l +a sin wt )2 
)t 
where a is the velocity pulsation in amplitude and 
A= (0.41 + 0.35 m2) 
As 
or (0.79 + 1.27 M2) 
AS 
YPJ YPJ 
f6r orifice meter or venturi meter respectively. And 
TP= 
(1 -A 
)2 1+ 
-ýý! + 2A (I + 3a2 +I a4 + 3A 
2 (1 + 'S a2+ 
15 
a4' +5a6 AS 
128ý28 
11-6 )l 
(3.13) 
The total error, E T, is given by 
E TAs 
Hence, 
((l-A)2F, 
+a2+ 2A (1 + 3a2 +3 a4) + 3A 
2 (1 +1S a+ 
1-S 
aý +Sa 28 16 
000 
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3.3 THE EXPERIMENTAL WORK 
3.3.1 Introduction 
The main objective of the experimental work was to measure 
accurately metering error, ETI incurred by orifices and venturi 
nozzles when metering compressible flow. Flow meters were 
subjected to sinusoidal pulsations at frequencies between O-SOHz 
generated by a piston-type pulsator located upstream of the 
metering section. 
As compressibility effects appear with a large pressure 
drop across the restriction and a low stAtic pressure in the 
test pipe, an air ejector nozzle was fitted at the exit of 
the pulsating rig. The ejector nozzle acted as a vacuum pump 
to increase the ratio of the differential pressure across the 
meter to the static pressure 
Ap 
.9p which would consequently 
reduce the expansibility factor to less than unity. 
Before carrying out the actual tests, a series of tests 
was carried out using different sizes of orifices, venturi 
nozzles and critical nozzles and different primary pressure 
settings to find the best performance the eictor nozzle would 
give to enable us to study the compressibility effects. 
Results of these tests showed that 25mm orifice, 20mm. venturi 
nozzle, 6mm. critical nozzle and a primary pressure of 110 psi 
gave the best performance within the working region of the 
ejector nozzle. 
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3.3.2 The Experimental Test Apparatus 
The apparatus can be divided into three parts namely, the 
air flow rig, the pulsator and the instrumentation. 
3.3.2/1 The Air Flow Rig 
The main reason for choosing air as a working fluid for 
the whole research work was to investigate the compressibility 
effects. 
The air flow rig used in this investigation was basically 
the same rig d'escribed in the previous chapter. Some modifi- 
cations were made to increase the differential pressure across 
the flow meter and reduce the static pressure by fitting an air 
ejector nozzle at the exit of the flow rig. The general 
layout of the flow rig is shown in Figure (3.2). 
The air ejector nozzle used was of a constant area mixing 
chamber type followed by a-conical diffuser. Provision was 
made to supply the ejector nozzle with compressed air via the 
primary nozzle. The primary nozzle pressure was read on a 
Bo)urdon tube pressure gauge and was controlled with a hand 
control valve. A sketch of the ejector nozzle is shown on 
Figure (3.3). 
Orifice and venturi nozzle meters were tested on this rig. 
3.3.2/2 The Pulsator 
The pulsator used for this investigation was the existing 
piston pulsator which was located upstream of the metering 
section and generated pulsations in the frequency range 0-50 Hz. 
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A full description of the pulsator is included in references 
(34 and 38), but a brief description is given here to aid the 
reader. 
A sketch of the piston pulsator is shown in Figure (3.4). 
The pulsator consists of a 6. S inch diameter piston which 
reciprocates in a cylinder coaxial with the test section of 
the air flow rig. The air first passes through an annular 
flow straightener on the outside of the cylinder, then through 
a flow resistance element and finally enters the converging 
lit inlet to the pipe through an annular slit -g wide. The air 
trapped behind the piston has access to a sealed cxpansion 
chamber external to the pulsator and is thus maintained at 
almost constant pressure throughout the pulsation cycle. 
The piston was driven by a crank with a stroke changing 
mechanism. The crank shaft is set eccentrically in a hub 
which forms the casing of a rotating gear-box. The gear-box 
is driven by a7h. p. induction motor. A dummy crank was 
installed diametrically opposite to the working crank and with 
the same eccentricity to overcome the balancing problem. 
The maximum frequency which can be achieved with this pulsator 
is 50 Rz with a stroke of . 
31, 
T* 
A photograph of the piston pulsator can be seen in Plate (3.1). 
3-3.2/3 The Instrumentation 
All the instruments used for this investigation were 
basically the same as those described in the previous chapter 
(section 2.3.2/3). -Figure (2.6) and Plate (2-3) also apply 
to this investigation. 
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Some modifications were made to the pressure measuring 
devices and the phase locked loop electronic circuit to suit 
the nature of the work in this investigation. 
A differential pressure transducer of S. E. Lab. type 
SE 150/SO" W. G. was used in this investigation instead of 
the home made transducer because of the large pressure drop 
across the flow meter. The transducer was mounted on top 
of the flow meter with the shortest possible connecting 
passage lengths. 
The primary nozzle pressure was measured on a Bourdon- 
tube pressure gauge. The line pressure upstream of the 
metering section, i. e. the secondary pressure, was measured 
on a vacuum pressure gauge. All other pressure measurement 
techniques were followed as described in the previous chapter. 
Velocity and velocity profile measurements were obtained 
in the same way as in the previous chapter. 
As the phase locked loop was designed to operate in the 
frequency range 50-500 Hz, the pulsation frequency generated 
by the piston pulsator (in the range of 0-50 Hz) was multi- 
plied by ten. Ten steel studs were fitted in the disc on the 
pulsator crankshaft from which the magnetic transducer picked 
up the frequency signal. The frequency received by the P. L. L. 
was thus ten times the actual pulsation frequency. 
The P. L. L. output fed into the transient recorder was 
10 xfx 256. To overcome this problem the P. L. L. output was 
divided by ten using an SN 7490 Decade Counter. The complete 
phase locked loop circuit including the Decade Counter can 
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be seen in Figure (3.5). The divided signal was then fed into 
the transient recorder from which the data transferred to 
the paper tape punch. The same technique for data recording 
and processing as in the previous chapter was followed. 
A block diagram for data recording and processing for this 
investigation can be seen in Figure (3.6). 
3.3.3 The Experimental Test Procedure 
The differential pressure transducer 4nd the hot wire 
anemometer were calibrated and checked for linearity daily. 
Before each test all the instruments"zero settings, were 
corrected. The air was then turned on and maintained at-the 
required flow rate throughout the test. 
The primary nozzle pressure was set at 110 psi and kept 
constant throughout the test by means of a hand control valve. 
The following measurements were taken under steady flow 
conditions. 
1. The atmospheric pressure and the air temperatures were recordedý 
2,, The differential pressure (As volts) was read off the digital 
volt meter and the differential pressure (A. inch of water) 
measured by the water manometer was recorded. 
3. The secondary pressure which was the pressure upstream of 
the orifice meter (p UPS 
inch Hg vacuum) was read off the 
vacuum pressure gauge. 
4. The centre line velocity (U% ) and the velocity profile 
were measured. The bulk mean velocity (UU) was calculated 
using the following relationship 
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FU where F is the pipe factor. 
After completing the measurements under steady conditions, 
the pulsator stroke was adjusted to give the required pulsation 
amplitude. The pulsator was then switched on and adjusted to 
the required frequency and the following measurements were 
obtained. 
1. The time mean differential pressure F6 P* volts) and velocity 
(U:, volts) were obtained from the DVM. The r-m-s. values of 
the differential pressure (Arms) and the velocity (Urms) 
were obtained from the true Y. m. s. 'meter. 
2. The differential pressure and the velocity signals were 
recorded on the transient recorder and processed in the 
same way as described in the previous chapter. 
After taking all the measurements under pulsating 
conditions the pulsator was switched off and the steady 
conditions measurements were rechecked. The flow and the air 
to the ejector nozzle were then switched off and the zero 
readings of all the instruments were checked. 
1, The same procedure was repeated -for different pulsation 
amplitudes over the frequency range 0-50 Hz. 
All the measurements obtained for the whole series of 
tests can be seen in Tables ( 11 - 17 ) at the end of the 
thesis (Appendix 2). 
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3.3.4 The Experimental Re5tilts 
A series of tests were carried out on an orifice meter 
of 25 mm bore and a 20 mm venturi nozzle meter. 
The pulsation amplitude, ms] , was maintained at s 
constant values during the tests covering the frequency 
-range 0-50 liz. The values of pulsation amplitude chosen for 
this series of tests were 1.0,0.9,0.8,0.7,0.6,0.5 and 0.4. 
Pulsation amplitude of 1.0 and 0.9 could not be achieved for 
the 25 mm orifice meter. A computer programme was used to 
calculate expansibility factor, total metering errors, 
theoretical errors, and other parameters required, such as A rms 
U 
rms, ' 
H and P. 
summary of results obtained from the series of tests 
can be seen in Tables (3.1 and 3.2). Some of the results of 
50 mm orifice meter with expansibility factor 0.9974 (i. e. 
representing incompressible flow) are included for comparison. 
The complete set of results of all tests can be seen in 
Tables ( 18-21 at the end of the thesis (Appendix 2). 
3.3.5 Discussion of Experimental Results 
Figure (3-7) shows a graph of total metering error, ETI 
plotted against velocity pulsation amplitude (a). The graph 
represents the results of a series of tests carried out on 
orifice and venturi meters at frequencies between 5-50 Ilz 
with various pulsation amplitudes. 
The solid line curves represent the theoretical results 
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obtained from equation (3.14) which predicts errors due to 
compressibility effects. Three values of expansibility factor 
1.0,0.981 and 0.96 were used for these theoretical curves to 
match the experimental results. 
It can be seen that the experimental results follow the 
same trend as the theoretical curves, i. e. as the expensibility 
factor decreases the measured error increases. For velocity 
pulsation amplitudes larger than 0.25 the expansibility factor 
for an orifice is much nearer to unity than it is for a venturi 
nozzle. For this reason the compressibility effects on venturi 
nozzle are more apparent than those on orifices, oven though 
the tests on both meters were carried out under the same 
conditions. 
The measured errors are higher than those theoretically 
predicted, especially in the case of expansibility factor 0.96 
where the compressibility effects are more pronounced. This 
is due to the simplicity of the theoretical relationship used 
in which only the effects of the fluctuating expansibility 
factor were taken into account. There are other effects which 
were not considered, such as density fluctuations and the phase 
relationship between static pressure and velocity. As was 
mentioned in the theoretical analysis, including the fluctuating 
density term in the momentum equation makes the theory very 
complicated so that a useful relationship which predicts 
metering errors, cannot be obtained. 
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3.3.6 Conclusions 
1. For a given pulsation amplitude the metering error increases 
as the expansibility factor decreases. 
2. Mottram's simple theoretical relationship also predicts 
that metering errors increase as expansibility factor 
decreases, but it underestimates their magnitude for a 
given pulsation amplitude. 
3. Compressibility effects on venturi meters are more signifi- 
cant than those on orifice meters. Therefore, orifice 
meters are more suitable to us6 for compressible flow under 
pulsating conditions for a given ratio P 
IýE] 
- 
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Table 3.1 Venturi Nozzle Meter 
Expansibility factor c=0.96 
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Table 3.2 Orifice Meter 
Expansibility factor 
C 0.981 
Expansibility factor 
c 0.9974 
U Urms rms a E a E 
u 
. 383 . 542 9.5 . 287 . 405 4.6 
. 342 . 483 7.5 . 220 . 311 3.5 
. 351 . 496 7.5 . 184 . 260 2.3 
. 319 . 451 7.0 . 170 . 24 2.0 
. 318 . 449 5.8 . 156 . 22 1.1 
. 337 . 476 6.2 . 127 . 179 1.0 
. 31 . 438 5.8 . 122 . 172 0.6 
. 276 . 390 5.5 . 127 . 179 0.5 
. 273 . 386 4.2 . 092 . 130 0.5 
. 285 . 403 4.6 . 370 . 523 7.1 
. 268 . 375 3.8 . 335 . 473 6.8 
. 261 . 37 3.8 . 332 . 469 5.4 
. 238 . 337 3.8 . 273 . 386 4.1 
. 225 . 319 2.97 . 251 .. 355 3.5 
. 208 . 295 2.1 . 199 . 282 1.7 
. 218 . 308 2.1 . 216 . 306 1.9 
. 222 . 314 2.5 
209 . 295 2. S 
. 163 . 230 1.7 
. 161 . 227 1.3 
. 15S . 219 1.7 
. 173 . 244 1.3 
. 157 . 222 1.3 
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Fig. 3-4 The Piston Pulsator 
145 
CC ýle > 12 
0- 
7-1 Ln 0 t- 
+ It z 
tn 
0 
3 
L) 
in 
CL 
Ln 
C; 
146 
I 
'Fo 
C: 
C. ) 
0 
CL 
E 
0 u 
a) 
cl 
co 
0. 
ca 
13- Cl 
C: 0 
CD 
:3 
(n (n a) 
'D i5 
0 
CD Cl 
n a) 
CD 
u- E 
ch 0 
CD CL 
co 
DL 
0 
q 
a 
(1) 
cl 
a. 0 
0 
U) 
0 
0 
co 
-i 
CD 
c 
n 'in 
2 CL 
0 
cr- 
m 
4ý co 0 
110 
0) 
LT- 
147 
A 
0 
w 
o' 
II 
LI 
0 
13 
0 
CD 
> 
.0 co 
(7. 
Ol 0c *; _ 0 6 it 4- co 
0 
CD :5 cr 
(1) 
Li 
0 
4 
% 13 JOJJ3 IeIO-L 
148 
Chapter Four 
DAMPING OF PULSATING FLOW 
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4.1 INTRODUCTION 
The most popular and reliable technique which has met with 
some success in solving the practical problems of pulsating 
flow is to damp the pulsations to a certain acceptable level 
before they reach the flow nieter. 
' (4 Damping of pulsations was pioneered by JiodgsOn 
As early as 1920, he advocated the use of a damping tank and 
throttles inserted in the flow system between the source of 
pulsation and the flow meter. lie develODed a criterion in- 
volving a dimensionless group now known as "the Hodgson Number" 
which can be used to calculate the damping volume and the 
system pressure loss. 
A lot of work has since been undertaken by investigators 
such as Lutz 
(6) 
. Herming and Schmidt(8), Fortier(33) and 
(34,37) Mottram (Their work was reviewed in Chapter one. ) 
In all damping criteria, the pulsation frequency was 
assumed to be sufficiently low so that the dimensions of the 
receiver and the pipe lengths between pulsation source and 
receiver, and between receiver and flow meter were much smaller 
than the pulsation wavelength, i. e-the acoustic effects were 
neglected. Thus, there must be a frequency limit beyond which 
the acoustic effects become significant and the damping criteria 
will no longer be effective. 
Literature surveys disclose very few experimental results 
which demonstrate the pulsation damping criteria at low or 
high frequencies and do not indicate any frequency limitation. 
iso 
The main objectives of this investigation were to demon- 
strate the validity of damping criteria (Mottram's criterion 
in particular) systematically with various damping volumes, 
frequencies and pulsation amplitudes and to explore the 
frequency limits beyond which the damping criteria become 
suspect. 
An orifice meter was subjected to damped pulsations of 
sinusoidal and non-sinusoidal waveforms generated by piston- 
type and siren pulsators in the frequency range 0-500 11z. 
A damping tank with a variable damping volume was 
designed-and fabricated for this job and was inserted in the 
flow system. 
Experimental results demonstrated the verification of 
damping criteria within the frequency limits and indicated 
the frequency range in which the damping, criteria are invalid. 
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4.2 THEORETICAL ASPECTS 
The following theories are those developed to overcome the 
problems associated with pulsating flows. 
The most valuable piece of work which is considered to 
be the fundamental theory for solving the pulsation problems 
is the Hodgson criterion. Hodgson 
(4,5) introduced a non- 
dimen sional group called the Hodgson Number, NH, Viz. 
Y'. f Ap 
Qp 
where 
is the volume of the receiver and the pipe work 
between pulsation source and flow meter. 
is the pulsation frequency 
ý is the volun, etric f low rate 
is the static pressure in the receiver 
Ap is the overall pressure loss in the system which 
depends on the position of the pulsation source. 
Pulsation source upstream of flow meter 
Orifice Discharge 
Pulsation source Receiver 
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(ii) Pulsation source downstream of flow meter 
Orifice 
Source of 
supply at 
constant 
pressure 
Receiver Pulsation 
source 
Hodgson assumed that the pulsation frequency should be low, 
the acoustic, effects were negligible and that a quasi-steady 
relationship held for the orifice meter. He presented his 
results in a series of curves showing the relationship between 
metering error caused by the residual damped pulsations and 
Hodgson Number for specific pulsation amplitudes and waveforms. 
The waveforms chosen were related to various cut-off ratios 
for the induction of steam in low speed reciprocating engines. 
Hodgson's results can be seen in Figure (4.1). 
Later., Lutz (6 ) derived a relationship between the damped and 
undamped pulsating flow rate. 
Iýd 
Pd PV Mp 
Orifice 
Patm. 
M= Pv 
Receiver Pulsation 
source 
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He considered the continuity flow through the receiver 
dP 
+ý M* dt dp (4.2) 
Suffix (P) refers to the-pulsation source and suffix (d) 
refers to the damped conditions at the orifice. 
Assuming quasi-steady incompressible flow through the flow meter 
p 
and isentropic compression and expansion in the receiver 
-P- = constant 
py 
Lutz derived the following expression 
e- at 
IC 
+a 
t; 
pe 
at dt 
fo 
where 
I= -f 
and 
yf 
2 NH 
integration constant 
oooooso (4.3) 
Lu, tz's results as presented in Figure (8) of Oppenheim and 
Chilton's literature survey(16) were plotted as a series of 
curves of metering errors against Ilodgson Number for different 
pulsati6n amplitudes and waveforms. Lutz's results can be 
seen in Figure (4.2). 
Herming and Schmidt 
(8) 
also considered the continuity 
of flow through the receiver 
v 
dp 
dt 
154 
and assumed quasi-steady flow through the flow meter. 
By representing the flow rate at the pulsation source in the 
form of a Fourier series 
0 
ýp m [l + 
ol 
, 
(an sin n wt + bn cos n wt 
n=l 
they derived an expression relating the metering error and 
Bodgson Number, viz. 
an2+bn2) 
1+ (41Týl N 
yH 
*. o99*o(4.4) 
Fortier (33) presented a theoretical analysis in which the 
temporal inertia and acoustic effects were taken into account. 
By assuming resonance conditions at the damping chamber he 
derived the following expressions. 
For sinusoidal waveform 
-ao 1 
8 fE-- 
T 
and for rectangular waveform 
NH2: 1.016 yu0 
where ao is the damped velocity pulsation amplitude 
and 
z 
U'- 
H urmS 2+ 
U-1 
oe (4. S) 
oe (4.6) 
Dr. Mottram 
(34) 
presente. d an analysis similar to Fortier's 
but made it applicable to pulsations of any waveform. 
summary of this analysis is as follows: 
iss 
Iýp 
fýd 
Uril ice 
Pulsation source 
=- 
(1 
+n br sin (rwt + or)) 
n 
M1+ ar sin (rwt + er) 
Damping vessel 
*. o99oo (4 .7) 
049 (4.8) 
where br and ar are the amplitudes of the rth harmonic 
components in the series representing the undamped 
and damped flows respectively.; 
and 0r is the phase angle. 
The instantaneous differential pressure across the orifice 
meter is given by 
Apd ý As 
[( 
1+ý (t) 
)+ 
.2JýI 
(t) /, w] . ....... 
(4.9) 
where 
ar sin (rwt +0 r) 
and 
As, = M2 (1 _Cc 
2M2) /2p (Tr Cc d/4)2 (4.10) 
(1,1ja 2) ....... (4.11) APd = As 2r 
It is assumed that the dimensions of the damping chamber 
and the pipelengths between the pulsation source and the flow 
meter are small compared with the pulsation wavelength. 
The continuity of flow through the vessel is also considered, 
i. e. 
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Mp =M+V 
dP 
d dt oo*o... 
(4.12) 
Assume that the process in the damping chamber is isentropic, i. e. 
dp 1 ýE 
dt C2 dt .09 
(4.13) 
and that the pressure is constant on one side of the orifice 
APý Pd - Pc 
where pc is the constant pressure 
dAP= 
dp 
at at ....... 
(4.14) 
By combining equations (4.13 ),, (4.14) and (4.9) and 
substituting them in equation (4.12) and with some manipulation 
the following expression is obtained 
Ea r2 
zbr 2 
Ea 21_ r2 
W2 
2 
r0 -2 
+( 4iT N 
]2 Er2 ar 
2 
Ea 2yEa2 r r- 
where w0 is the natural frequency of Helmholtz resonator 
CC iT d2 
with a chamber volume V and a neck conductivity 
e 
and NH is the Hodgson Number. 
Like Fortier resonance conditions are assumed, i. e. 
r=1 and w=w 0 
Z ar 2_1 
Ebr2 f4'r N ....... 
(4.16) 
ýy H) 
2 
The metering error, E T' is approximately equal to 
r2 
4 
2 
and I br 2 
Urms ]. 
By substituting them in 
2- 
U pulsating 
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equation (4.16), the following expression is obtained 
2 u 
ms 
IT 
411 N 
]2 
yH 
Hence, for a given error ET not to be excecded 
u 
-Y rms/U 
H 47rV-2 VETT oo. oooo 
(4.17) 
Mottramts theoretical results are presented in Figure (4.3). 
Comparing Mottram's theoretical results (Fig. 4.3) with 
Lutz's (Fig. 4.2), for pulsation amplitudes less than one, 
Mottram's theory gives a lower Hodgson Number. For pulsation 
amplitudes higher than one, Mottram's theory gives a larger 
Hodgson Number than the Lutz counter part. 
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4.3 THE EXPERIMENTAL WORK 
4.3.1 Introduction 
The main objectives of the experimental work were to 
measure accurately the errors in the indicated flow rate caused 
by the residual damped pulsation and to measure all the para- 
meters required to calculate the Hodgson Number. 
A series of tests were conducted with various damping 
volumes and pulsation waveforms and amplitudes at frequencics 
between 5-500 Hz- 
A clamping system was built in the test rig so that the 
pulsations generated by either pulsators upstream or downstream 
of the receiver were clamped down before reaching the test meter. 
The damping system consisted of a receiver and two hot wire 
anemometer systems to monitor the damped and undamped velocity 
pulsation amplitudes. 
The verification of the daMDing criteria within the frequency 
limits is demonstrated and the frequency range beyond which the 
damping criteria become invalid is shown. 
The filtering characteristics of the receiver when non- 
sinusoidal pulsations pass through it are also discussed. 
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4.3.2 The Experimental Test Apparatus 
The apparatus consists of three main parts, namely the 
air flow rig, the pulsator and the instrumentation. 
4.3.2/1 The Air Flow Rig 
The experimental work was conducted on two different flow 
rig arrangements. The first part of the work was carried out 
with the piston pulsator upstream of the damping tank. The 
general layout of the rig is shown in Figure (4.4). The second 
part of the work was carried out with the siren pulsator down- 
stream of the damping tank. The general layout of this arrange- 
ment is shown in Figure (4.5). 
In each case, the test meter was installed downstream of 
the damping tank and provisions were made to measure the 
velocity pulsations amplitudes upstream and downstream of the 
damping tank. 
The damping tank was designed and constructed especially 
for this investigation. The tank was supplied with water inlet 
and outlet so that the damping volume inside the tank could be 
varied accordingly. The water level was measured with a glass 
tube fitted on to the outside wall of the tank. When the 
required damping volume was smaller than the volume enclosed 
between the water surface when it was at its maximum level 
(just below the test pipe) and the tank lid, polystyrene blocks 
were cut into a tunnel shape and were fitted between the water 
surface and the tank lid. 
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The damping tank was fitted with a safety valve in case 
of a pressure build up in the tank. 
The metering section consisted of a square-edged orifice 
meter of So mm bore mounted in a carrier plate as described 
in Chapter two. 
A photograph of the damping tank can be seen in Plate (4.1). 
4.3.2/2 The Pulsator 
Piston-type and siren DUlsators were utiliscd in this 
investigation and were located upstream and downstream of the 
damping tank respectively. The piston pulsator generated 
sinusoidal and non-sinusoidal pulsations in the frequency 
range of 0-50 liz. The piston pulsator used was the same one 
described in Chapter three. 
Non-sinusoidal pulsations were generated by replacing 
the original 6.5 inch diameter piston and cylinder with a 
5 inch diameter cylinder with a number of rectangular slits, 
1/8 inch wide by 7/16 inch long, equispaced around the 
periphery. A sketch of the modified piston pulsator is shown 
in Figure (4.6). The end of the cylinder was scaled to the 
pipe cone shaped entrance piece by means of a cork seal so 
that the controlled, constant air flow could only enter the 
test pipe through the radial slits in the cylinder wall. 
The 5 inch diameter piston has a1 
I-S inch long skirt such 16 
that the pulsator then acted like a spool valve to control 
the flow of air into the test pipe. Material was removed 
from the piston surface such that the skirt was only supported 
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by three spokes to minimise the sinusoidal pulsation effect. 
The centre of oscillation of the piston was positioned 11/32 
inch upstream of the centre line of the slits such that by 
increasing the length of stroke, the ratio of no flow to flow 
over the cycle time, could be increased. 
The siren pulsator used was the same one described in 
Chapter two. The pulsator generated sinusoidaý pulsations at 
frequencies between 50-500 Hz. 
4.3.2/3 The Instrumentation 
All the instruments used for this investigation were 
basically the same as those described in Chapters two and 
three. 
The home made transducer built into the orifice plate 
carrier was used to measure the differential pressure across 
the flow meter. 
The static pressure inside the tank was measured by a 
water manometer when the piston pulsator was used and by a 
I 
pr essure gauge when the siren pulsator was used. 
An additional hot wire. anemometer system was installed 
in the test rig so that the centre line velocities and the 
velocity profile upstream and downstream of the damping tank 
(damped and undamped) could be measured. The damped and 
undamped mean velocities and velocity pulsation amplitudes 
were measured in the same way as described in the previous 
chapters. 
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The phase locked loop circuit was utilized with and 
without the dividing circuit described in Chapter three depen- 
ding on the frequency range at which the tests were carried 
out. For frequency range 0-50 Hz, the P. L. L. output was 
passed through the dividing circuit to obtain the actual 
frequency signal multiplied by 256 which was then fed into 
the transient recorder. For frequency range 50-500 Ift, the 
P. L. L. output was directly fed into the transient recorder 
by passing the dividing circuit. 
The undamped velocity and damped differential pressure 
signals were recorded and processed following the same 
technique descriýed in Chapter two. The damped velocities 
and velocity pulsation amplitudes were measured manually. 
4.3.3 The Experimental Test Procedure 
Two test procedures were adopted in this investigation. 
The first procedure was to keep the pulsation frequency and 
amplitude constant and vary the damping volume, then to repeat 
the tests with different amplitudes at the same frequency. 
Having done that, to repeat the whole series of tests with 
different frequencies. The second procedure was to keep the 
damping volume and amplitude constant and vary the pulsation 
frequency and then to repeat the tests with different amplitudes 
at the same'volume. The whole series of tests were repeated 
with a different volume. 
The experimental work was conducted in three stages. 
The first stage was conducted with the piston pulsator genera- 
ting sinusoidal pulsations in the frequency range of 0-50 liz. 
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The second stage was conducted with the piston pulsator gene- 
rating non-sinusoidal pulsations in the same frequency range 
(o-50 Hz). And the third stage was carried out with the siren 
pulsator generating sinusoidal pulsations at frequencies 
between 50-500 Hz. For the first stage, both the above test 
procedures were followed and for the second and third stages, 
the second procedure was followed. 
Each day, the differential pressure transducer and both 
hot wire anemometers were calibrated and checked for linearity. 
Before each test all the instrumentsIzero settings were 
corrected. 
Before starting each test or series of tests, depending 
on which test procedure was followed, the required damping 
volume was obtained by adjusting the water level inside the 
tank or by fitting Polystyrene blocks. The air was then 
turned on and maintained at a constant flow rate throughout 
the test. 
The following measurements under steady conditions were 
carried out: 
1. The atmospheric pressure and air temperatures wore rccorded. 
2. The differential pressure across the orifice was measured 
by means of a digital voltmeter (As volts), and water 
manometer (As inch H20)' 
3. The static pressures in the test pipe upstream of the tank, 
inside the tank and near the discharge were recorded. 
4. The centre line velocities and the velocity profiles 
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upstream and downstream of the damping tank were measured, 
from which the mean velocities upstream and downstream of 
the tank were obtained. 
After taking all the measurements under steady conditions, 
the piston pulsator stroke or the clearance between the ter- 
minal nozzle and siren pulsator blades was adjusted to give the 
required pulsation amplitude. The pulsator was then switched 
on and adjusted to the required. frequency and the following 
measurements were carried out: 
1. The time mean differential pressure (A P volts) and the time 
mean velocities upstream and downstream'of the damping tank 
were obtained from the DWI. 
2. The r. m. s. values of the differential pressure (A rms) , and 
the damped and undamped velocities 
I 
(U 
rms)up and 
(U 
rms)down] 
were measured by means of a true r. m. s. meter. 
3. The static pressures in the test pipe upstream of the tank 
and inside the tank were recorded. 
4. The damped differential pressure and the undamped velocity 
signals were recorded and processed following the same 
technique as described in Chapter two. 
After taking all the measurements under pulsating flow 
conditions the pulsator was switched off and the steady con- 
ditionsImeasurements were rechecked. The air was then switched 
off and zero readings of all instruments were checked in case 
of a drift. 
The same procedure was repeated with different damping 
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volumes and pulsation amplitudes over the frequency range 
5-500 Hz. 
All the measurements obtained for the whole series of 
tests conducted in this investigation are tabulated in Tables 
(22 - 33 ) at the end of the thesis (Appendix 3). 
4.3.4 The Experimental Results 
In the first stage of the experimental work, a series of 
tests were carried out with fixed sinusoidal pulsation fre- 
quencies, 5,10,. 15 and 20 Hz, and the pulsation amplitude was 
maintained at constant values (0.7.0.5 and 0.3). The damping 
volume was varied for every fixed frequency and amplitude. 
Another series of tests were conducted with fixed damping 
volumes, 0.667 and 1.915 ft3 , and fixed pulsation amplitudes 
(0.7, O. S and 0.3) covering the frequency range 5-50 Hz. 
In the second stage, a series of tests were carried out 
with two fixed damping volumes, 0.667 and 1.915 ft'. For each 
volume, the non-sinusoidal pulsation amplitude was kept at 
constant values (0-7,0.5 and 0.3) over the frequency range 1 
5-50 Hz- 
In the third stage, a series of tests were carried out 
with two fixed damping volumes 0.666 and 1.91S ft3 and with 
a constant sinusoidal pulsation amplitude 0.5, covering a 
frequency range SO-500 Hz. 
A computer programme was used to calculate the metering 
errors, Hodgson Number, theoretical Hodgson Number and other 
p arameters such as A rms, 
Urms and H. 
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summary of results obtained from this investigation 
can be seen in Tables (4.1-4.3) at the end of this chapter. 
The complete results of all the tests carried out in this 
investigation are tabulated in Tables ( 34- 4S ) at the end 
of the thesis (Appendix 3). 
4.3.5 Discussion of Experimental Results 
4.3.5/1 Demonstration of Damping Criteria 
Figures (4.7) and (4.8) show graphs of metering error, 
E T' plotted against Hodgson Number. The graphs represent the 
results of a series of tests conducted at two fixed frcqucncies, 
5 and 10 Hz, 'and three constant values Of velocity pulsation 
amplitudes, 
U 
rms ), 0.7,0.5 and 0.3. The damping'volume 
IU 
was varied during each frequency test. The solid line curves 
represent Mottram's curves obtained from equation (4.17). 
It can be seen that the experimental results follow the 
same trend as*the theoretical curves shown in Figure (4.1). 
The metering error decreases as the Hodgson Number increases. 
FoT low frequencies, the metering errors can be controlled to 
an acceptable level by means df an appropriate damping volume 
or pressure loss which can be calculated using the Hodgson. 
Number. 
The shape of Mottramts curves is very similar to the 
shape of the curves which could be drawn through the experimental 
results. Each set of experimental results of a certain pulsa- 
tion amplitude lie to the left of Mottram's theoretical curve 
of the same amplitude. This is because Mottram's theory con- 
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siders the worst case (i. e. sinusoidal waveform and resonance 
conditions in the damping tank). At resonance, the waveform 
becomes predominantly sinusoidal and only the first harmonic 
(r = 1) is significant. 
Errors at a frequency of 5 Hz were higher than those at 
10 Bz. This cannot be explained in terms of the damping 
theory, thus showing the shortcomings of the theory and its 
inability to predict pulsation errors exactly. 
4.3. S/2 Frequency Limits for Pulsation'Damping Critetia 
Figures (4.7) and (4.8) of the previous section have 
demonstrated that Mottram's damping criterion is valid for 
low frequencies. To show at what frequency this criterion 
becomes suspect, a series of tests was carried out at a 
constant pulsation of 0.5 and frequencies between S-SOO 11z. 
The results of these tests are shown in Figures (4.9) and 
(4.10) in which metering errors, E To are plotted against 
Hodgson Number. The theoretical line represents Mottram's 
curves obtained from equation (4.17). 
Figure (4.9) represents the results of tests conducted 
at a fixed damping volume of 0.67 ft3. It can be seen that 
the metering error decreases as the Hodgson Number increases 
but at frequencies higher than 25 Hz, the error starts to 
increase again with the increase of the Hodgson Number up to 
the frequency of 45 Hz and starts to decrease again and so on. 
Figure (4.10) represents the results of tests carried 
out at a fixed damping volume of 1.915 ft'. It can also be 
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seen that there are peaks and troughs in the experimental 
results at frequencies higher than 200 Ift similar to those 
shown in Figure (4-9). 
In both figures, it can be seen that there are some 
results to the right of Mottram's theoretical curves, which 
means that the theory cannot be applied for all frequencies. 
However, there must be a safe limiting frequency at which 
the theory is applicable. 'We suggested that the frequency 
of 50 FIz would be the appropriate limiting frequency allowing 
for a safety margin. All subsequent tests of sinusoidal and 
non-sinusoidal pulsations in the frequency range 5-50 11z were 
carried out at pulsation amplitudes of 0.7,0.5 and 0.3. 
Figs. 4.11-4. -. 13. show that-all the results lie to the left of 
the theoretical curve, which proves that provided the fre- 
quencies are less than 50 Hz, Mottram's damping criterion is 
safe to use regardless of the shape of the pulsation's wave- 
form. 
V For high pulsation amplitudes, it is safer to use 
M, ottram's criterion than Lutz's because, as was shown in 
Figures (4.1) and (4.2), for a certain metering error, 
Mottram's theory gave a larger Hodgson Number. than Lutz's 
theory. Also Mottram's theory considers the worst conditions 
(i. e. sinusoidal waveform and resonance conditions in the 
tank). 
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4.3.5/3 Length Scale Effects 
This investigation was carried out on an air flow rig 
of 80 mm, bore test pipe and 2.5 ft diameter damping tank. 
The Dipe lengths between the pulsation source and the test 
meter were about 4.5 ft. 
At the limiting frequency of 50 Hz, ' thepulsation wave- 
length of air at room temperature is 22. S ft. It should be 
noted that the dimension of the damping tank is about 1/10 
of the wavelength and the pipe lengths between the pulsation 
source and the test. meter are 1/5 of the wavelength. Conside- 
ring the safety margin allowed for when the frequency of 50 
was taken as the limiting frequency,. these lengths can be 
taken as a guide line for other installations with different 
length scales, i. e. Mottram's damping criterion can be used 
for any pipe diameter provided that the axial dimension of 
the damping tank does not exceed 1/10 of the pulsation wave- 
length and that the pipe lengths between the pulsation source 
and the flow meter are not greater than 1/5 of the pulsation 
wavelength. 
In pipe line installations, the damping tank and flow 
meter should be located as near as possible to the pulsation 
source so that the dimensions of the damping tank and the 
piping between the flowTacter and the pulsation source could 
be short compared with the pulsation wavelength. 
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4.3.5/4 Filtering Characteristics of the Damping Tank 
Figures (4.14a, b, c, d, e and f) show velocity/time traces 
upstream and downstream of the damping tank for non-sinusoidal 
pulsations of various a-MD. litudes and frequencies. These were 
obtained by recording the velocity signals on either side of 
the damping tank by the transient recorder from which the data 
were transferred to a plotter. 
It can be seen that the pulsation signal upstream of the 
damping tank is of non-sinusoidal waveform which includes high 
harmonics. After passing through the damping tank, the signal 
waveform becomes sinusoidal and all the higher harmonic are 
severely attenuated. Thus the damping tank behaves as a low 
pass filter as well as damping the pulsations. 
4.3.6 Conclusions 
1. The damDing criteria were demonstrated systematically with 
various'pulsation amplitudes, frequencies and damping 
volumes. The results showed that damping criteria were 
., valid for low frequencies and metering error decreased as 
Hodgson Number increased for a given pulsation amplitude. 
2. Mottram's version of the damping criterion was found to be 
safe for use with both sinusoidal and non-sinusoidal pul- 
sations provided that the pulsation frequencies did not 
exceed 50 Hz. 
3. Mottram's damping criterion can be applied for any pipe 
installations provided that the axial dimension of the 
damping tank does not exceed 1/10 of the pulsation wave- 
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length and that the pipe lengths between the pulsation source 
and the flow meter are not greater than 1/5 of the pulsation 
wavelength. 
4. The damping tank acted as a low pass filter and attenuated 
all the higher harmonics when non-sinusoidal pulsations 4> 
passed through it. The damped pulsation waveform was found 
to be sinusoidal. 
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SUMARY OF RESULTS 
Table 4.1 Sinusoidal Pulsations - Frequency f :5 50 Hz 
urms 
= 0.7 
u 
rms = 0.5 
Urms 
= 0.3 
uIuu 
ET NH ET NH ET NH 
17.59 0.091 20.28 0.031 7.73 0.030 
11.452 0.1199 15.02 0.061 5.43 0.059 
7. '978 0.151 9.504 0.091 3.294 0.089 
5.386 0.1798 4.137 0.119 1.989 0.1198 
4.388 0.2113 2.848 0.149 1.33 0.148 
3.051 0.2417 2.188 0.177 0.893 0.178 
2.218 0.2868 1.319 0.208 0.893 0.207 
1.972 0.3163 1.105 0.239 0.67 0.237 
7.804 0.0613 0.664 0.282 0.445 0.2816 
2.861 0.1216 0.664 0.314 0.223 0.3112 
1.33 0.182 4.583 0.0624 1.794 0.0614 
0.889 0.242 1.557 0.124 0.676 0.122 
0.670 0.302 0.664 0.1838 0.451 0.183 
0.447 0.363 0.445 0.245 0.226 0.244 
0.223 0.423 0.223 0.306 0.226 0.306 
0.224 0.484 0.223 0.368 0.451 0.093 
0.224 0.574 0.901 0.092 
i. 571 0.094 0.456 0.183 
0.454 0.184 0.224 0.123 
0.447 0.123 23.02 0.032 
5.02 0.032 
0.909 0.043 
0.45 0.657 
0.92 0.0766 
1.37 0.087 
3.19 0.094 
4. S6 0.098 
4.128 0.105 1 
2.75 0.109 
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Table 4.2 Non-sinusoidal Pulsations - Frequency f :5 50 Hz 
urms 
u 
0.7 
u 
rms 0.5 
Urms 
u 
0.3 
ET% NH ET% NH ET N 11 
18.21 0.0213 5.48 0.0231 7.978 0.0115 
I. S4 0.0344 0.67 0.0346 1.786 0.0231 
1.111 0.0458 0.224 0.04617 0.225 0.0346 
0.224 0.05734 0.224 0.0577 0.224 0.0461 
0 0.06881 0 0.06923 0 0.0576 
0.889 0.0802 0.225 0.0807 0 0.0692 
1.13 0.0869 0.449 0.0923 0 0.0808 
17.74 0.0457 2.481 0.1015 0.225 0.0923 
3.119 0.0859 18.62 0.0341 0.897 0.104 
1.354 0.0976 3.33 0.0694 0 0.115 
0.676 0.1364 0.676 0.1024 0.451 0.111 
0 0.2046 0 0.1365 11.6 0.0339 
0.68 0.238 0 0.172 0.889 0.0677 
0.68 0.2571 0.227 0.2047 0.223 0.1012 
0.226 0.2395 0.223 0.1349 
0.673 0.2688 0 0.1689 
0.224 0.203 
0.224 0.2368 
0.226 0.2706 
0.676 0.3041 
0.451 0.3247 
0.226 0.4674 
I 
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Table 4.3 Sinusoidal Pulsations Frequency f 5-500 Hz 
u 
rms 015 
Damping volume 
0.667 ft3 
Damping volume 
1.915 ft, 
IBTI NH I ET I Nil I 
5.02 
0.909 
0 
0.4S 
0.92 
1.37 
3.19 
4. S6 
4.128 
2.7S 
0.563 
0.861 
1.42 
-O. S6 
3.4 
0.34 
0.598 
. 0.562 
0.22 
0.0328 
0.0438 
0.0547 
0.0657 
0.0766 
0.0876 
0.0941 
0.0985 
0.1051 
0.1095 
0.0992 
0.1817 
0.2612 
0.497 
0.5666 
0.639 
0.714 
0.788 
0.129 
4.583 
0.901 
0.224 
0.28 
-0.2 
-0.4 
-0.003 
3.33 
1.66 
-0.3 
-0.349 
2.4 
0.211 
-0.04 
0.512 
0.0624 
0.0927 
0.123 
0.0916 
0.2988 
0.514 
0.743 
1.169' 
1.1532 
3.099 
1.417 
1.628 
1.93 
1.704 
0.945 
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Chapter Five 
GENERAL CONCLUSIONS 
196 
The investigation reported in this thesis was primarily 
concerned with the effects of regular flow pulsations on the 
primary device of differential pressure flow meters. 
Special precautions were taken to eliminate: 
(a) Pulsation effects on the secondary device; 
(b) Other abnormal flow disturbances such as swirl. 
Thus the conclusions listed below are only valid for 
flow meter installations where similar precautions are taken. 
The conclusions reached are as follows: 
1. The effects of pulsations on orifice accuracy are inde- 
pendent of the type and location of the pulsator, provided 
that due allowance is made for any possible change in the. 
fluid density upstream of the meter caused by the operation 
of the pulsator and also that the pulsator does not distort 
the velocity profile. 
2. Mien the effective Strouhal Number is sufficiently low 
(50.02) and when compressibility effects and manometer 
errors are absent, the temporal inertia effects are negligible 
and the error in the flow rate indicated by the orifice 
meter is mainly due to the square root effect. 
3. At higher values of Strouhal Number and at'high pulsation 
amplitudes the temporal inertia effects become significant. 
At a given value of pulsation amplitude the total error, E TI 
decreases as the temporal inertia term, Hj-, increases. 
4. When pulsation frequency increases (i. e. when the pulsation 
wavelength becomes short compared with the meter - length) 
the quasi-steady/temporal inertia theory becomes inadequate 
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for predicting pulsation errors as it consistently under- 
estimates them. 
5. At high frequencies the short wavelength theory gives a more 
satisfactory prediction of metering errors. At fixed 
pulsation amplitudes the total error decreases as the short 
wavelength term, X, increases. The effect is more noticeable 
at large amplitudes (Arms/As 2: 0.. 6) and large orifice dia- 
meters. 
6. The appropriate value for the orifice effective length to 
evaluate the temporal inertia term,, J, and the short wave- 
length term, X, can only be determined empirically and D/3 
was found to be a suitable value-. 
7. At small differential pressure pulsation amplitudes (Arms/Ap 
:50.6), the simple quasi-steady theory is adequate for 
predicting metering errors. Even at pulsation frequencies 
up to 500 Hz the metering error tends to be equal to or 
slightly less than the theoretical square root and never 
significantly greater. 
8. The above conclusions are only valid when compressibility 
effects are negligible. Compressibility effects become 
significant when the expansibility factor, c, is less than 0 
0.99 and the amplitude of the upstream static pressure 
pulsation (P rms 
/F), is greater than 0.035. 
9. For a given pulsation amplitude metering error increases 
as expansibility factor decreases. 
198 
10. Mottram's simple theoretical expression also predicts that 
metering error increases as expansibility factor decreases, 
but it underestimates their magnitude for a given pulsation 
amplitude. This is due to the simplicity of the theory in 
which the effects of density fluctuations and the phase 
relationship between static pressure and velocity are not 
taken into account. 
11. Compressibility effects on venturi meters are more signifi- 
cant than those on orifice meters. Thus, orifice meters 
are recommended to be used for compressible flow under 
pulsating conditions. 
12. To overcome the practical problems associated with the 
effects of pulsations on differential pressure flow meters, 
pulsations of high amplitudes should be reduced to such a 
level that the metering error can be predicted by the 
simple quasi-steady theory. Pulsation amplitudes can be 
reduced using a damping criterion such as Mottram's from 
which the damping volume and system pressure loss can be 
calculated. 
13. Damping'criteria are valid for low pulsation frequencies 
provided that the dimensions of the damping tank and the 
pipe lengths between the pulsator and the damping tank, 
and between the damping tank and the test meter are short 
compared with the pulsation wavelength. 
14. For a given pulsation amplitude metering error decreases 
as Hodgson Number increases. 
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15. Mottram's damping criterion is safe to use for sinusoidal 
and non-sinusoidal pulsations provided that the pulsation 
frequencies do not exceed 50 11z. It can also be applied 
for any piping installations with different length scales 
provided that the dimension of the damping tank is not 
greater than 1/10 of the pulsation wavelength and that 
the pipe lengths between the pulsation source and the flow- 
meter do not exceed 1/5 of the pulsation wavelength. 
16. The damping tank acts as a -low pass filter which attenuates 
all the higher order harmonics as well as damping the 
pulsations of high amplitudes when non-sinusoidal pulsations CP 
pass through it. 
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Table 1 Values of the Phase Locked Loop Circuit's Capacitor (C) 
C Frequency Range 
16800 PF 45 - 90 Hz 
8300 PF 90 - 180 Hz 
5000 PF 180 - 300 liz 
3300 PF 300 - 500 Hz 
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Table 45 FILTERING CHARACTERISTICS 
Recording of signals upstream and downstream of damping tank 
TE ST 
Na 
- 
f 
Hz 
No, 
of 
turns 
U E 
up 
U 
rms 
up 
U 
rms 
- IT 
up 
U E 
down 
U 
rms 
down 
U 
rms 
down 
275 10 40 3.61 1.63 0.52 6.84 1.84 0.3 
276 9.1 37 3.71 2.24 0.7 6.93 2.35 0.385 
277 
1 
12.9 34 3.72 3.29 1.01 6.97 1.52 0.247 
278 10.7 31 3.73 1.85 0.57 7.00 1.60 0.259 
279 11.2 29 3.86 1.93 O; S73 7.05 1.08 
ý 0.174 
280 IS 27 3.88 2.23 0.6S8 7.03 0.85 0.137 
281 12.2 30 3.9 2.38 0.698 7.07 1.23 0.197 
282 13.4 33 3.9 2.57 0.75 7.1 1.05 0.167 
283 11.2 3.8 3.92 1.98 0.57 7.11 1.1 0.175 
284 8.5 42 3.9 2.4 0.704 7.11 2.08 0.332 
